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ABSTRACT
CONFORMATIONAL TRANSITIONS
OF
POLY(N-ISOPROPYLACRYLAMIDE)
IN
AQUEOUS SOLUTION
FEBRUARY 1990
HOWARD GLENN SCHILD, B.S., CASE WESTERN RESERVE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor David A. Tirrell
Investigations focused on the lower critical solution temperature (LCST)
exhibited by poly(N-isopropylacrylamide) (PNEPAAM) in aqueous solution.
The perturbation of this transition by the addition of cosolutes and by
copolymerization was examined through the application of microcalorimetry,
fluorescence spectroscopy, surface tensiometry, and cloud point
measurements. Cosolutes employed included polar solvents, inorganic salts,
amphiphiles, and other macromolecules. Copolymerization incorporated
very small amounts (less than 2 mol %) of fluorescent derivatives or
N-hexadecylacrylamide (HDAM).
The microcalorimetric method was established through analyzing
endotherms observed upon heating various samples of PNIPAAM and other
polymers that exhibit LCSTs in aqueous solution; comparisons were made
with classical cloud point curves. The properties of ternary solutions were
then determined. Substituting miscible polar solvents for water lead to the
phenomenon of cononsolvency. Transitions present in water-methanol
• •
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mixtures were quantitatively related to those found by Hirotsu in crosslinked
gels of PNIPAAM. The effects of low concentrations of poly(vinyl methyl
ether) (PVME) and polyacrylamide were briefly studied.
The influence of PNIPAAM on the association of amphiphiles
characterized by a wide range of head group and tail structures was measured.
Changes in critical surfactant concentrations and bilayer transition
endotherms were correlated with reciprocal effects on the LCST of PNIPAAM
to establish a hierarchy of complexation strengths. Use of free probes was
complemented by applying fluorescent amphiphiles and polymer-bound
fluorophores. This last approach was applied not only as an environmental
micropolarity sensor but also in nonradiative energy transfer experiments.
Solutions of PNIPAAM/HDAM copolymers were concluded to be
micellar via the above methods. Solubilization sites of probes were estimated
based upon their sensitivity to the LCST. Adding amphiphiles and varying
polymer concentration also aided in establishing a microheterogeneous state.
• • •
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CHAPTER I
INTRODUCTION
A. Poly(N
-isopropylacrylamide)
Heskins and Guillet [1] first reported details of the aqueous solution
properties of poly(N-isopropylacrylamide) (PNIPAAM, 1) in 1968;
precipitation of the polymer was observed upon heating solutions through a
lower critical solution temperature (LCST). A survey of the literature reveals
that further basic investigations [2 - 17] have been accompanied by major
research thrusts [2, 18 - 34] exploiting the accompanying conformational
transition for diverse practical applications.
-f-CH2—CH-} n
I (1)
NH
We will first explore the current understanding of the solution behavior of
PNIPAAM. This will provide the motivation for appreciating the subsequent
summary of the systems that have been developed.
1. Solution properties of PNIPAAM
a. Single chains. Heskins and Guillet [1] employed a myriad of
techniques to study a single polydisperse (Mw = 1,000,000; Mn = 290,000)
sample of PNIPAAM. Simple cloud point measurements and centrifugation
2were used to construct a phase diagram and differential scanning calorimetry
measured the heat of phase separation of rather concentrated solutions (4.6 -
24.1 wt-% polymer). Thermodynamic parameters were estimated from a
modified Flory-Huggins theory. Light scattering, viscometry, and
ultracentrifugation data were evaluated with other solution models to
determine molecular shape.
PNIPAAM was concluded [1] to be solubilized as extended random coils
through hydrogen bonding in aqueous solution. Association attributed to the
hydrophobic effect was observed upon approaching the LCST. Both hydrogen
bonding and the hydrophobic effect order the solution; hence, a large positive
entropy change accompanies phase separation at the LCST. This was
concluded to be the driving force for breaking the favorable hydrogen bonds
with water, the energy of which was represented by the observed calorimetric
endotherm.
Subsequent studies [5 - 8] attempted to describe the conformation of
PNIPAAM more quantitatively by calculating various dimensional
parameters. However, these investigations are flawed since the polydispersity
of the samples was not verified to be close to unity as required. This may
explain why one group [5 - 6] concluded PNIPAAM was nearly a rigid rod
(Mark-Houwink-Sakurada exponent a = 0.93) in aqueous solution whereas
Fujishige [8] observed theta conditions (a= 0.50) under identical conditions.
Both concluded that PNIPAAM chains were more expanded in aqueous
solution than in organic solvents such as methanol [5] or tetrahydrofuran [8].
The LCST is associated with the preferential replacement of polymer-
water bonds with contacts between like species; therefore, extremely dilute
solutions should exhibit intramolecular coil-to-globule transitions (Figure
1.1) instead of intermolecular phase separation [35]. This past year, two
3research groups [9 - 10] claim to have measured such a change in
conformational dimensions for PNIPAAM and suggest this is the initial stage
of phase separation at any concentration. Again, samples were not
characterized well enough for comparison with theoretical predictions [35].
b. Crosslinked gels
r
Tanaka and coworkers have reported [11] that
acrylamide-derived gels carrying ionizable groups exhibit large volume
changes upon manipulation of external conditions; later, they realized [12 -
17] that N-isopropylacrylamide gels undergo such phase transitions even
without added charges. Gels are created by introducing a small amount of the
crosslinking agent methylenebis(acrylamide) to the polymerization of
NIPAAM. Tanaka could still explain the collapse phenomenon with the
mean field theory developed for acrylamide gels, by assuming the gel
contained rather stiff constituent chains [12]; these researchers failed to note
such rigidity had been already been hypothesized with single chains [1, 5 - 8] as
described above. Critical reentrant phase transitions were observed in mixed
aqueous - alcoholic solutions [15, 17]; control experiments in pure solvent
media [14] demonstrated that conformational differences exist in these
solutions similar to those observed with single chains [5-8]. Again, the
connection was unreferenced. Support for the gel transition as a macroscopic
amplification of microscopic conformational changes has been explicitly
shown recently by photon correlation spectroscopy [13]. Similar critical
divergences of the collective diffusion mode of NIPAAM gels and of the
relaxation rate of semi-dilute, entangled solutions of linear chains [9] are
observed upon heating.
42. Applications of PNTPAAM
a. Single chains. Hoffman and coworkers [18-20] have conjugated
fluorescent monoclonal antibodies to PNIPAAM; the modified polymer then
binds the corresponding free antigens in solution. By employing cycles of
heating above the LCST, centrifugation, and redissolution, one can exploit
this binding to provide a basis for a novel immunoassay system.
b. Crosslinked gels. Hoffman's efforts have been focused largely on
crosslinked gels of PNIPAAM [22 - 26]. The activity of immobilized enzymes
[21 - 22, 24 - 26] in these hydrogels was demonstrated to be reversibly
"switchable" through the thermal changes in gel dimensions. The deswelling
of hydrogels was also applied [23, 25] to deliver vitamin B12 and other model
hydrophilic drugs; alternatively, other investigators [27] have manipulated
the swelling of collapsed gels containing hydrophobic drugs as an effective
delivery system. This latter approach leads to a desirable pulsatile release
pattern.
Freitas and Cussler [28 - 29] have adapted NIPAAM gels as an extension
of their earlier work [36] using charged systems analogous to those of Tanaka
[11]. Swelling was applied not for delivery, but for extraction. As the
crosslinking density increased [28], swollen gels became more effective in
selectively absorbing water and low molecular weight solutes while excluding
proteins and other macromolecules present in solution. The gels can be
removed by filtration, heated to release absorbed species, dried, and recycled.
Meanwhile, the remaining solution has been concentrated for further use.
Hoffman [22] suggests this approach has potential for toxin removal or
industrial product recovery.
5c. Membranes. Solute permeability through films typically shows
Arrhenius-type behavior [2]: diffusional flux increases with increased
temperature. However, polymeric membranes containing PNIPAAM deswell
above the LCST, opposing this flux. This phenomenon has been exploited [2,
30] to design films with temperature-independent solute diffusion.
Okahata [31] has surface-grafted PNIPAAM to large porous nylon
capsules; above the LCST of the attached chains, permeability decreased as a
result of insoluble PNIPAAM clogging the pores. At higher temperatures,
permeability ultimately increased, probably also resulting from Arrhenius-
dominated processes.
d. Colloids, Pelton [32] prepared monodisperse latexes of PNIPAAM
which displayed critical coagulation temperatures close to the LCST of single
chains. Increased electrophoretic mobility of the latex particles [33] upon
heating through the LCST was observed and correlated with the observed
decreased particle diameters. Increased mobility was attibuted to increasing
the surface charge density associated with sulfate groups originating from the
potassium persulfate initiator. Grafting of PNIPAAM to commercial
polystyrene and polystyrene-butadiene latexes also yielded [34] similar
temperature-controlled colloid stability.
3. Other investigations with PNIPAAM
The higher polarity of PNIPAAM compared with hydrocarbon synthetic
polymers such as polyethylene motivated its early use to demonstrate the
broad utility of inverse gas chromatography [37- 38]. The effects of polar and
hydrocarbon probes in determining the glass transition temperature (Tg =
130°C) of PNIPAAM were investigated [37] as were the relative heats of
mixing compared with those of hydrocarbon polymers [38]. Other solid state
6studies have attempted to relate the glass transition temperatures of
PNIPAAM and related polyacrylamides to their conformational flexibilities in
solution [39].
As expected, the LCST of PNIPAAM can be influenced through
copolymerization [2, 40]. The LCST usually shifts in the direction expected
from the solubility of the comonomer, although such relationships are not
linear. The ability to tailor LCSTs to particular temperatures was utilized in
many of the applications described above [24, 30, 32, 34] and has physiological
implications [27]. However, the results of such experiments are not always
simple: an attempt to copolymerize NIPAAM with acrylylglycinamide (whose
homopolymer exhibits thermally reversible gels upon cooling) did not yield
copolymers that exhibited both phase transitions [41].
B. Ternary Aqueous Solutions
The behavior of a polymer in solution reflects the balance of the
interactions between its segments and the solvent molecules [42]. The
solvent-solvent interaction in water is particularly strong as indicated by its
ordered structure [42-47]. Indeed, the eccentric physical properties of water [43]
control the conformations and the subsequent reactions of biological
macromolecules that are responsible for life on Earth.
Ordering in aqueous solution results from the specific orientations
involved in making any hydrogen bonds [44] but becomes especially
important when water molecules must reorient and form clathrate-like
structures [43] around nonpolar regions unable to hydrogen bond with them.
This latter phenomenon, known as the hydrophobic effect [45-46], results in
decreases in entropy that at increased temperatures dominate the exoenthalpy
7of the hydrogen bonds. The consequence is then phase separation at a lower
critical solution temperature (LCST) as in the case of PNIPAAM.
The presence of other species in the system will clearly perturb this
balance. As Figure 1.2 indicates, one can imagine a "romantic triangle"
involving somewhat arbitrarily classified mechanisms [48] of polymer
binding and solvent perturbation. Thermodynamics [42] dictates that
components whose hydration spheres are incompatible with that of
PNIPAAM will depress the LCST. However, if the activity of the third
component is about the same in both separating phases, its presence will
elevate the LCST [2].
Some generality [2] has been observed in the effects of third components
on the LCSTs of synthetic polymers such as PNIPAAM and on diverse
phenomena such as helix-coil transitions, gelation, protein denaturation, and
the solubility of small molecule nonelectrolytes. Sometimes, general models
are proposed that have sufficient ambiguity and thus can rationalize any
observations [48]. Despite its omnipresence, water is not yet fully understood;
any investigation involving aqueous solution properties must therefore be
approached systematically.
C. Goals and Overview
PNIPAAM has demonstrated promise in various applications; however,
real systems contain species other than polymer and water. Indeed, Hoffman
has reported [20] that his immunoassay system can be upset by added
substances above certain concentrations, particularly the surfactant sodium
n-dodecyl sulfate (SDS). SDS also affects the properties of the PNIPAAM-
stabilized latexes prepared by Pelton [33]. Clearly, complications will arise if a
8substance one is trying to deliver or remove from aqueous media interacts
with the PNIPAAM device. Certainly, Hirotsu's theoretically-oriented
discovery [17] of the perturbation of the PNIPAAM gel collapse transition by
added polyacrylamide has practical implications for the application of size
selective extraction solvents [28-29] to solutions of such macromolecules.
Eliassaf [4] has superficially tabulated some effects of cosolutes on the LCST of
PNIPAAM, but no systematic investigations exist. Moreover, only tenuous
connections have been made between the manipulation of LCSTs of aqueous
PNIPAAM solutions such as by added cosolutes and analogous transitions in
other PNIPAAM macrostructures such as gels under similar conditions.
Our work will attempt to eradicate such deficiencies by being more
systematic and utilizing the full potential of experimental techniques while
being cognizant of related investigations of other polymers. Although
polymer samples will still be polydisperse, we will use the same well
characterized polymer (or polymers of similar molecular weight distribution)
throughout. This will reduce the number of variables by one. We will apply a
more sensitive microcalorimeter [50-52], first establishing its ability to detect
nuances in LCSTs as contrasted with cloud point studies by probing various
samples of PNIPAAM and other synthetic polymers exhibiting LCSTs [2].
Then after some preliminary studies of the Hofmeister series [2] of salts, we
will proceed to demonstrate the direct connection between the critical
phenomena observed in PNIPAAM gels [17] and single chain behavior.
Experiments will then focus on the interactions between PNIPAAM and
amphophilic species [53]. Systems containing nonionic polymers and
surfactant micelles have been recently reviewed [54]; however, the mutual
effects of each species upon complexation have not been probed for a wide
variety of structures for a single polymer. We will employ diverse head
9groups and tails, and even investigate incorporation of very small amounts
of hydrophobic comonomers to create a micellar state [55]. Moreover, not only
will the LCST of PNIPAAM be monitored but also the state of surfactant
association [53-54] through application of fluorescent probes [56-57]. The
validity and applicability of all techniques will be verified; fluorescent
methods will be extended to involve polymer-bound fluorophores to
measure critical surfactant concentrations [58] and nonradiative energy
transfer [59] between species, the latter technique allowing estimation of
distances between cosolutes.
These experiments will greatly increase the understanding of the
solution behavior of PNIPAAM and thus allow cross-application of findings
to systems involving gels, films, and colloids of PNIPAAM. By comparing
the properties of PNIPAAM solutions with those of other polymers
possessing LCSTs, we can see just how much universality exists in the
behavior of aqueous solutions.
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Figure 1.1. Representation of coil to globule transition.
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Figure 1.2. The romantic triangle of a ternary solution
CHAPTER II
MICROCALORIMETRIC DETECTION
OF
LOWER CRITICAL SOLUTION TEMPERATURES
IN
AQUEOUS POLYMER SOLUTIONS
A. Abstract
A sensitive solution microcalorimeter was used to study lower critical
solution temperatures (LCSTs) of aqueous polymer solutions. Endotherms
with enthalpies on the order of the strength of hydrogen bonds were observed
at temperatures concurring with LCSTs detected by classical cloud point
measurements for solutions of poly(N-isopropylacrylamide) (PNIPAAM),
polyvinyl methyl ether) (PVME), poly(propylene glycol) (PPG), and
hydroxypropylcellulose (HPC). Mixtures of PNIPAAM and PVME, and of
PNIPAAM with inorganic salts were also explored.
B. Introduction
Lower critical solution temperatures (LCSTs) are found in many
systems dominated by hydrogen-bonding species [1-2]. Exothermic hydrogen
bond formation between solutes and solvents lowers the free energy;
however, the specific orientations required by these bonds lead to a negative
entropy change and thus to a positive contribution to the free energy. This
phenomenon is particularly important in aqueous media where an
17
additional negative entropic change is contributed by the hydrophobic effect
[3]. Precipitation (or a coil-to-globule transition in very dilute solutions) [4 - 6]
is observed in such systems above an LCST, when the enthalpic contribution
to the free energy is dominated by the growing entropic component at
temperatures below the boiling point.
Systems that behave in this fashion [7] are easily created by
incorporating hydrophobic units into water-soluble polymers through
polymer modification or copolymerization. For the most part, experimental
characterization of these LCST phenomena has been limited to simple cloud
point measurements [5 - 8], an approach complicated by variations in
precipitated aggregate sizes and settling of precipitates [9-101. A more
powerful technique that has been superficially applied to the study of LCST
phenomena is solution calorimetry [5, 7 - 8, 11 - 12]; this method provides
thermodynamic parameters that lend insight into the forces responsible for
the transition. By applying a sensitive scanning microcalorimeter developed
to study biological transitions in proteins, lipids, and nucleic acids, [13-17] we
can determine these transition parameters with precision.
Our main concern is the LCST observed in aqueous solutions of
poly(N-isopropylacrylamide) (PNIPAAM), and the perturbation of this
transition by added cosolutes [9]. This preliminary report presents cloud point
and microcalorimetric data for PNIPAAM samples of various molecular
weights and polydispersities, and then focuses on the effects of added salts, to
explore the classical yet puzzling Hofmeister effect [18]. The utility of these
techniques will be further demonstrated through application to several other
polymers that exhibit LCSTs in aqueous solution, including poly(vinyl
methyl ether) (PVME)
,
polypropylene glycol) (PPG), hydroxypropylcellulose
(HPC), and a mixture of PVME and PNIPAAM.
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C Experimental
1. Materials
The synthesis and properties of the PNIPAAM samples used in this
work are summarized in Table 2.1. Two samples (Nl and N12) were obtained
from Professor Allan S. Hoffman of the University of Washington. The other
samples were synthesized from N-isopropylacrylamide obtained from
Eastman Kodak Co., recrystallized (mp 64-66°C) from a 65/35 mixture of
hexane and benzene (Fisher Scientific Co.). Salts for redox polymer synthesis
were obtained from Fisher except for magnesium sulfate (Mallinkrodt) and
ammonium persulfate (J.T. Baker). Tetramethylethylenediamine (TEMED)
was used as received from Kodak; chloroform, tetrahydrofuran (THF) and
methanol were purchased from Aldrich Chemical Co. and were of HPLC
grade. Wet cellulose dialysis tubing was #6, 1000 molecular weight cutoff,
from Spectrum Medical Industries, Inc. For use in the free radical synthesis,
acetone (HPLC Grade) was obtained from Fisher and azobisisobutyronitrile
(AIBN) from Alfa Chemical Co. The latter was recrystallized from methanol
(Aldrich), avoiding decomposition by maintaining the temperature below
40OC.
PVME was purchased as a 50 weight % solution in toluene or in water
(Aldrich). The former sample (100 g) was further diluted to 600 ml with
toluene and precipitated in 2 liters of n-heptane (Fisher). The rubbery solid
was vacuum dried and recovered in 35 % yield; GPC(THF): Mw = 155,000;
Mn = 83,000; Mw / Mn = 1.9. GPC(DMF): Mp = 140,000. The latter sample
(190 g) was precipitated by heating and then azeotropically dried by
redissolving in benzene (300 ml) and restripping the solvent three times. The
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yield upon a final vacuum drying to constant weight was 77 %. GPC(DMF):
broad and bimodal with the higher and major peak corresponding to
Mp = 70,000. HPC (average molecular weights: 100,000; 300,000; and
1,000,000), PPG (average molecular weight: 1,000), polyethylene oxide (PEO,
average molecular weight: 100,000), polyacrylamide (PA, average molecular
weight: 5,000,000 - 6,000,000) and A. C. S. reagent grade sodium bromide,
sodium sulfate, and sodium thiocyanate were used as received from Aldrich.
Molecular weights quoted for HPC, PPG, and PEO are those stated by the
supplier.
Distilled water was analyzed (Barnstead Co., Newton, MA) to
contain 0.66 ppm total ionized solids (as NaCl) and 0.17 ppm total organic
carbon (as C).
2. Synthesis
The aqueous redox polymerization of NIPAAM was adapted from a
literature procedure [8]. The solvent was a 15 mM phosphate buffer in
normal saline (600 ml distilled water, 0.6914 g Na2HPC>4 , 0.9094 g NaH2PC>4,
and 5.09 g NaCl; titrated with ca. 50 ml 0.1 N NaOH to pH 7.4). After adding
22.2 g monomer, 2.3 g ammonium persulfate in 5 ml water, and 12 ml
TEMED, the reaction mixture was stirred for 15 hr under nitrogen.
Precipitation was carried out by dropwise addition of the polymerization
mixture to 800 ml methanol. The resulting polymer was dissolved in 200 ml
distilled water and dialyzed against regularly freshened distilled water for five
days. The polymer was then precipitated in an equal volume of methanol and
vacuum-dried. The polymer was then dissolved in chloroform, dried
(MgS04), and precipitated in hexane. The 2.62 g yield after vacuum-drying
was designated R2A. Anal, calcd. for C6HnNO: C, 63.7% ; H, 9.8%; N, 12.4%.
20
Found: C, 63.5%; H, 9.9%; N, 12.2%. NMR (200 MHz, D20) 5 : 1.0 (CH3/
6H), 1.2-2.1 (-CH2CH-, 3H), 3.7 (CH, 1H). No vinyl protons were detected. IR
(CHC13 cast film) cm-1: 3300, 2960, 2925, 2860, 1635, 1530, 1455, 1375, 1390,
1170, 1130, 750. Absent were the 1620 (C=C), 1410 (CH2=), and C-H vinyl out
of plane bending vibrations observed in the spectrum of the monomer. GPC:
Mw = 160,000; Mn = 49,000; Mw / Mn = 3.2. A second sample, designated
R2B, was recovered from the CHCI3/ hexane filtrate by evaporation and then
precipitated and dried as described above to provide 1.70 g : Mw = 76,000;
Mn = 11,000; Mw / Mn = 6.9. Sample Rl was synthesized through an identical
procedure except that distilled water was substituted for the buffer. Spectral
and elemental analysis were identical; however, the molecular weight
distribution differed: Mw = 400,000; Mn = 73,000; Mw / Mn = 5.5.
A final sample, designated Al, was prepared in the following manner. A
solution of N-isopropylacrylamide (5 g) dissolved in 40 ml benzene with 1
mole % recrystallized AIBN was degassed through three cycles of freezing
and thawing. After polymerization by stirring in an oil bath at 49 °C for 22 hr
under a positive nitrogen pressure, the solvent was evaporated. The resulting
crude solid was vacuum-dried and crushed. After dissolving it in acetone (47
ml), the product was recovered through precipitation by dropwise addition to
hexane (600 ml). Upon filtering and drying, 3.62 g (76% yield) of polymer was
obtained. Elemental, infrared, and NMR analyses were in agreement with
those above; GPC (polystyrene standards)[17]: Mw = 440,000, Mn = 160,000,
Mw / Mn = 2.8.
3. Preparations
Samples for cloud point and microcalorimetric measurements were
prepared by ten-fold dilution of 4.00 mg/ml stock solutions of polymers
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dissolved at room temperature in distilled water with 0.1 % sodium azide as a
bactericide. PPG required refrigeration to obtain clear solutions. For some
studies, smaller quantities of polymer stock solutions were diluted to a total
volume of 2.0 ml with distilled water.
4. Measurements
Gel permeation chromatography (GPC) was performed with a Waters
M45 solvent pump coupled to a R410 differential refractometer and a
Hewlett-Packard 3380A recorder. Degassed tetrahydrofuran (THF, Aldrich,
HPLC grade) was eluted at 1.1 ml/min through four Waters ustyragel
columns (106 , 10$, 104 , 103 A). N,N-dimethylformamide (DMF, Aldrich,
HPLC grade) was eluted at 1.0 ml/min through three Waters ^ibondagel
columns (E-1000, E-500, E-125). Polystyrene standards (Polysciences) were used
for calibration; molecular weights are thus estimated as those of polystyrenes
of equivalent elution volume.
Optical density (OD) measurements were done at 500 nm on a Beckman
DU-7 spectrophotometer with a water-jacketed cell holder coupled with a
Lauda RM-6 circulating bath. Temperatures were manually ramped at rates
of ca. 0.5 °C /min and monitored by an Omega 450-ATH themistor
thermometer. Cloud points were taken as the initial break points in the
resulting optical density versus temperature curves and were independent (to
within ± 0.5 °C) of slight fluctuations in the heating rate.
Calorimetric (DSC) scans were obtained on a Microcal, Inc., MC-1
scanning microcalorimeter [17] at a heating rate of 15 °C/hr unless indicated.
Samples were degassed and transferred to the sample cell with a calibrated
syringe. Polymer-free solutions of the same solvent composition were
similarly placed in the reference cell. Calibration was achieved by supplying a
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syringe. Polymer-free solutions of the same solvent composition were
similarly placed in the reference cell. Calibration was achieved by supplying a
precisely known current to the reference cell of the calorimeter. LCSTs and
transition widths are accurate to within ± 0.1 °C; enthalpies (A H) and
relative peak heights (ACp) are reproducible to within ± 2 units ( cal/g of
polymer for AH and cal /°C- g of polymer for ACp).
D. Results and Discussion
1. PNIPAAM
a. Samples. Table 2.1 summarizes the synthesis and properties of the
PNIPAAM samples used in this study. Six samples varying in molecular
weight (Mn ) from approximately 5,000 to 160,000 were examined. No
deliberate attempts to fractionate these samples were made; Mw / M n
varied from 2.3 to 6.9 within the sample set.
b. Binary solutions. Figures 2.1 and 2.2 illustrate typical cloud point and
microcalormetric results for the PNIPAAM samples examined in this work.
Each of these polymers yields well-defined cloud points and calorimetric
endotherms at the LCST, though substantial variation in the shape of the
transition is apparent. For example, the first four samples listed in Table 2.1
afford relatively sharp calorimetric endotherms (AT1/2 < 0.8 °C), whereas
samples R2B and N12 are characterized by broader cloud point transitions and
endothermic peaks several degrees in width. These differences in transition
behavior are almost certainly a result of variation in chain length; the
molecular weights of R2B and N12 are estimated to be significantly (i.e., four
to thirty-fold) lower than those of the other four samples. Although Fujishige
and coworkers (6) report chain length-independent cloud points for
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average molecular weights of 5-11,000, where chain length effects would be
expected to be more significant. The more puzzling anomaly in Table 2.1 is
the relatively high LCST (35.7 °C) of sample Nl; the onset of phase separation
of this polymer occurs at a temperature 3.5 °C higher than that observed for
sample Al, despite the similarity in the molecular weights of these samples.
We have no explanation for this difference in behavior.
Study of the endotherm associated with the LCST of sample A-l (0.4
mg/ ml) shows that peak shape and temperature are independent of heating
rate over a range from 3.3 to 30 °C/hr. Transition kinetics are thus
unimportant on the timescale of our experiments, and thermodynamic
parameters may be obtained from our calorimetric measurements. Table 2.1
shows heats of transition of ca. 1.5 kcal/mol of repeating units for each
sample with the single exception of the very low molecular weight N12. This
transition enthalpy is similar to that reported by Fujishige [6], and is
consistent with the loss of ca. 1 hydrogen bond per repeating unit upon phase
separation [19]. Similar results were obtained at polymer concentrations of
0.40 - 4.00 mg/ml, consistent with the rather "flat" phase diagrams typical of
aqueous polymer solutions in such narrow concentration regions [6-7]. This
is to be expected if the LCST phenomenon involves a coil-globule transition
with subsequent aggregation as proposed [6].
The calorimetric endotherms associated with the LCST can be analyzed
by a two-state model to provide a measure of the cooperativity of the
transition [20 -21]. The size of the cooperative unit is defined as the ratio of
the van't Hoff enthalpy to the calorimetric enthalpy calculated on the basis of
the area under the observed peak. The van't Hoff enthalpy can be obtained
either from the peak height (ACp) [20] or the transition width (A T1/2) [21]. By
either method, we obtain a value of ca. 430 repeating units for the size of the
24
cooperative unit associated with the LCST of sample Al. Given the
uncertainty of our estimated molecular weights and the polydispersities of
our samples, a cooperative unit of this magnitude can be interpreted only to
mean that the process reported by microcalorimetry involves long segments,
and perhaps the entire length, of the PNIPAAM chain. It is interesting to
note that sample R2B, which is characterized by a bimodal molecular weight
distribution, displays two overlapping calorimetric transitions: a relatively
sharp (AT1/2 = 0.7 °C) component centered at 34.1 °C, and a second broader
endotherm (AT1/2 = 3.3 °C) at 35.1 °C. It is reasonable to suggest that the
sharper, lower-temperature transition is associated with the phase separation
of the higher molecular weight component of the PNIPAAM population, and
the broad, higher-temperature endotherm with shorter chains.
c. Added salts. The effects of inorganic salts on the water solubility of
nonelectrolytes are infamous: the Hofmeister series [18] ranking of the ability
of various salts to perturb the denaturation temperature of proteins has been
shown to be nearly identical to the ranking for the effects upon the LCSTs of
several synthetic polymers including poly(ethylene oxide) (PEO) [18] and
PVME [22].
Many imaginative models have been proposed to rationalize these
observations through changes in water structure [18, 22 - 26]. These arguments
have been severely criticized [7, 27]; supplementing traditional cloud point
results with microcalorimetry thus offers a fresh perspective. We selected
three anions keeping the cation constant as sodium, since the primary effect is
surmised as due to anions [18]. Sulfate and bromide were chosen to
demonstrate consequences of the higher Hofmeister series ranking of sulfate.
Thiocyanate was selected because it actually raises LCSTs of several polymers
25
[28 - 29]. As a "structure-breaker", it promotes interactions between cationic
surfactants and neutral polymers.
Figures 2.3 and 2.4 demonstrate the richness of microcalorimetry
compared with cloud point measurements. The latter plot displays the
depression of the LCST with added salts. Sulfate clearly "salts-out"
PNIPAAM more effectively than bromide; other macromolecular systems
also display such a ranking of the two anions [18, 22]. Thiocyanate elevates the
LCST at some concentrations in accord with previous studies of other
polymers [28 - 29]. Figure 2.3 plots the endotherms themselves. The LCSTs
from these concur with cloud points except when the DSC peaks are very
broad. The greater LCST depression from the sulfate anion than caused by
bromide is accompanied by a greater broadening and shrinking of the
PNIPAAM endotherm. Although one would then conclude that the
perturbation of the endotherm of PNIPAAM by thiocyanate should be the
least based upon an even smaller depression of the LCST, large effects on the
peak shape are observed relative to the bromide system. If one accepts the
cooperativity analogy above, the broadening is a measure of the ability of a
salt to serve as a screening device between monomer units; interestingly, this
type of model has been theoretically suggested [29]. Our results thus
dramatically elucidate the response of the LCST to added ionic salts through
comparisons of endotherm shapes.
2. PVME
Only one extensive study of aqueous PVME solutions has been cited:
Home [22] has observed the effects of a wide range of cosolutes (including
salts and alcohols) on the LCST. We have recently compared the sharply
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contrasting behavior of PVME and PNIPAAM in aqueous methanol mixtures
[9]; here we present comparative results for methanol-free aqueous solutions.
The agreement between the LCSTs of the two PVME samples listed in Table
2.2 reflects the proximity of each polymer to the theta temperature (the LCST
at infinite molecular weight) [24]. However, the shapes of the endotherms of
the two PVME samples (Figure 2.5) are quite different: as with PNIPAAM, the
lower molecular weight species affords a shorter and broader transition
endotherm. Transition enthalpies for both samples are again comparable
with hydrogen bonding strengths, and comparison of the van't Hoff and
calorimetric enthalpies suggests a cooperative unit of size comparable to that
of the chain. Thus suggests the behavior of PVME and PNIPAAM in aqueous
solutions is similar, despite opposite trends in the LCST caused by added
methanol.
3. PPG
Despite its isomeric relationship to PVME, PPG is water soluble only in
oligomeric form [22]. Indeed, even this limited solubility has been suggested
to result from spiral folding of the chain into tightly coiled disks in aqueous
solution [31]. Figure 2.6 shows the broad cloud point and microcalorimetric
transitions for the PPG in water. The width of the calorimetric transition is
nearly 12 °C, presumably as a consequence of the short chain length of the
PPG sample used. Nonetheless, the transition enthalpy remains at 1.4
kcal/mol of repeating units, similar to the values observed for PNIPAAM
and PVME. Interestingly, the size of the cooperative unit is still on the order
of the chain length, and the transition breadth results from the very low
molecular weight (ca. 1000) of the PPG sample used in this work.
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We attempted to observe microcalorimetric endotherms in aqueous
solutions of PEO, a hydrophilic homolog of PPG, but the LCST is too close to
the boiling point to allow direct measurement. Therefore, we "salted" the
polymer out with either sodium sulfate or bromide; the cloud points we
detected were similar to those previously reported [18, 32]. Nevertheless, no
endotherms were detected in their vicinity by microcalorimetry at the
concentration (4.0 mg/ml) of PEO used. Evidently, the transition is too broad
to allow calorimetric detection.
4. HPC
The Winnik research group [33-35] has reported a series of interesting
studies of the solution properties of modified HPC Figure 2.7 and Table 2.2
summarize our findings for a set of HPC homopolymers. The endotherms are
rather broad, considering that these samples are among the highest
molecular weight polymers studied, and the LCST drops from ca. 46 °C to ca.
42 °C as the molecular weight rises from 105 to 106 . The enthalpy and width of
the transition appear to be chain length independent. The breadth of these
transitions allows us to observe that the cloud points agree more closely with
the onset of the endotherm than with the peak value. The size of the
cooperative units calculated for these samples increases with increasing
molecular weight from ca. 3 to 8 to 35 polymer chains, suggesting an
important role for chain aggregation. This is presumably due to their higher
molecular weights although other factors such as chemical identity [33]
probably operate as well.
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5. Polymer mixturps
Patterson [36] has discussed phase diagrams of systems comprising two
polymers and a solvent. Experimental [37] and theoretical [38] work continues
to be aimed at elucidating these predictions. Coil-to-globule transitions of
polymers in aqueous solution have been predicted to be promoted upon the
addition of a second incompatible polymer [38]. We were thus able to depress
the LCST of PNEPAAM (R2A, 0.40 mg/ml) by 0.4 °C through the addition of
3.6 mg/ml polyacrylamide to its aqueous solution. As polyacrylamide is more
water-soluble than PNIPAAM (it exhibits no LCST in water), we would
expect the difference in the hydrophilicity of the polymers to be the driving
force for their phase separation [36].
We also studied mixtures of PVME and PNIPAAM, where both
polymers have LCSTs. Figure 2.8 indicates that the LCST of the mixed
polymer solution is more dramatically depressed with respect to the LCSTs of
the homopolymers than is the case with added polyacrylamide. Much greater
perturbation of the endotherm shape relative to those of the hompolymers is
also observed, possibly indicative of greater interactions.
E. Conclusions
Calorimetry has been successfully applied to study LCST phenomena in
polymer blends [39 - 40]; its extension to polymer solutions is facilitated
through application of very sensitive instrumentation previously used to
study phase transitions in proteins, lipids, and nucleic acids [13 - 17, 20 - 21].
Good agreement is typically found between transition temperatures and
widths determined by cloud point and calorimetric methods; moreover, the
availability of thermodynamic parameters permits a more thorough
29
description of the aqueous solution behavior of these polymers and the
perturbation of that behavior by ionic or macromolecular cosolutes. The
transition enthalpies found for PNIPAAM, PVME, PPG, and HPC are all
consistent with the loss of ca. 1 hydrogen bond per repeating unit on phase
separation. The sizes of the cooperative units of these transitions appear to be
at least as long as the entire lengths of polymer chains, although the
uncertainty of the estimated molecular weights and the polydispersities of the
polymers prevent exact determination of the value of this parameter.
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TEMPERATURE (°C)
Figure 2.2. Microcalorimetric endotherms for various samples of PNIPAAM
(0.40 mg/ml). Temperatures of endothermic peak maxima are listed in Table
2.1; temperature scale is given in lower right portion of Figure.
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Figure 2.5. Microcalorimetric endotherms for PVME (0.40 mg/ml, Table 2.2).
Temperature Scale given in lower right portion of Figure.
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CHAPTER in
CONONSOLVENCY
IN
MIXED AQUEOUS SOLUTIONS
OF
POLY(N-ISOPROPYLACRYLAMIDE)
A. Abstract
The lower critical solution temperature (LCST) of poly(N-isopropyl-
acrylamide) (PNIPAAM), prepared by an aqueous redox polymerization, was
studied in the cononsolvent mixture of water and methanol using cloud
point, microcalorimetric, and viscometric measurements. The observed
solution behavior was quite distinct from that of polyvinyl methyl ether) in
the same binary solvent. Other cononsolvents, including dioxane and
tetrahydrofuran, yielded phase diagrams similar to those of PNIPAAM in
water-methanol mixtures. Flory-Huggins ternary solution theory partially
explains the observed results. Most interestingly, we find in aqueous
PNIPAAM solutions, striking similarities to critical phenomena characteristic
of PNIPAAM gels.
B. Introduction
The behavior of poly(N-isopropylacrylamide) (PNIPAAM, 1) in aqueous
media is of interest from both theoretical and practical perspectives. The
polymer exhibits a well-defined lower critical solution temperature (LCST) in
43
water [1], and crosslinked PNIPAAM gels undergo analogous collapse
transitions in aqueous solvents [2-3]. These transitions have been exploited in
the development of novel temperature-sensitive methods for permeability
control [4- 8] and protein phase separation [8].
-FCH2-CH4n
c=o
I (1)
NH
CH3 CH3
The LCST, and the accompanying changes in polymer conformation,
result from a balance between hydrogen-bonding [9] and hydrophobic [10]
effects in aqueous solutions or water-swollen gels of PNIPAAM. Specific
orientations of water that arise upon polymer dissolution lead to increasingly
unfavorable entropic contributions to the free energy of mixing as the
temperature is raised. Eventually, these overcome the favorable enthalpy
changes associated with the formation of hydrogen bonds between polymer
and solvent. Thus the LCST is expected to be a sensitive function of solvent
composition, particularly with regard to cosolvents (or cosolutes) that modify
water structure and hydrophobic interactions.
We examine here the dependence of the LCST on solvent composition
in mixed aqueous solutions of PNIPAAM. We compare our results to the
predictions of solution theory and to the solution behavior of poly(vinyl
methyl ether) (PVME) [11]. Quantitative agreement is demonstrated between
our single-chain PNIPAAM results and previous investigations of
crosslinked PNIPAAM gels [3] in similar solvent mixtures.
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C Experimental
1. Materials
N-isopropylacrylamide was obtained from Eastman Kodak Co. and
recrystallized (mp 64-66°C) from a 65/35 mixture of hexane and benzene
(Fisher Scientific Co.). Salts were obtained from Fisher except for magnesium
sulfate (Mallinkrodt) and ammonium persulfate (J.T. Baker). Tetramethyl-
ethylenediamine (TEMED) was used as received from Kodak; chloroform,
tetrahydrofuran (THF) and methanol were purchased from Aldrich Chemical
Co. and were of HPLC grade. Wet cellulose dialysis tubing was #6, 1000
molecular weight cutoff, from Spectrum Medical Industries, Inc. Polyvinyl
methyl ether) (PVME) was purchased as a 50 wt-% solution in toluene
(Aldrich). The PVME solution (100 g) was diluted sixfold with toluene and
precipitated into 3-4 volumes of n-heptane (Fisher). The dried rubbery solid
(35 % yield) had an estimated Mw = 155,000 and Mn = 83,000 by gel
permeation chromatography (GPC). Polyaerylamide (molecular weight
5,000,000 - 6,000,000) was used as received from Aldrich. Distilled water was
analyzed (Barnstead Co., Newton, MA) to contain 0.66 ppm total ionized
solids (as NaCl) and 0.17 ppm total organic carbon (as C).
2. Synthesis
The aqueous redox polymerization of NIPAAM was adapted from a
literature procedure [8]. The solvent was a 15 mM phosphate buffer in
normal saline (600 ml distilled water, 0.6914 g Na2HP04 , 0.9094 g NaH2P04,
and 5.09 g NaCl; titrated with ca. 50 ml 0.1 N NaOH to pH 7.4). After adding
22.2 g monomer, 2.3 g ammonium persulfate in 5 ml water, and 12 ml
TEMED, the reaction mixture was stirred for 15 hr at room temperature under
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nitrogen. Precipitation was carried out by dropwise addition of the
polymerization mixture to 800 ml methanol. The resulting polymer was
dissolved in 200 ml distilled water and dialyzed against regularly freshened
distilled water for five days. The polymer was then precipitated in an equal
volume of methanol and vacuum-dried. The polymer was then dissolved in
chloroform, dried (MgS04) / and precipitated in hexane. The 2.62 g sample of
PNIPAAM obtained after vacuum-drying was designated R2A. Anal, calcd.
for C6HnNO: C, 63.7% ; H, 9.8%; N, 12.4%. Found: C, 63.5%; H, 9.9%; N,
12.2%. lH NMR (200 MHz, D20) 8 : 1.0 (CH3, 6H), 1.2-2.1 (-CH2CH-, 3H), 3.7
(CH, 1H). No vinyl protons were detected. IR (CHCI3 cast film) cm'h 3300,
2960,2925,2860,1635,1530, 1455, 1375,1390,1170, 1130, 750. Absent were the
1620 (C=C), 1410 (CH2=), and C-H vinyl out of plane bending vibrations
observed in the spectrum of the monomer. GPC: Mw = 160,000; Mn = 49,000;
Mw / Mn = 3.2. A second sample, designated R2B, was recovered from the
filtrate by evaporation and then precipitated and dried as described above to
provide 1.70 g of PNIPAAM of : Mw = 76,000; Mn = 11,000; Mw / Mn = 6.9.
3. Sample preparation
Samples for cloud point and microcalorimetric measurements were
prepared from 4.00 mg/ml stock solutions of PNIPAAM or PVME dissolved
at room temperature in distilled water with 0.1 % sodium azide as a
bactericide. In each case, 0.2 ml polymer stock solution was diluted to a total
volume of 2.0 ml first with distilled water then with methanol, keeping the
order of addition consistent to avoid the hysteresis effects that have been
reported in these systems [12]. If the polymer precipitated at room
temperature, the sample was placed in the freezer until soluble. Samples were
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used the same day to avoid shifts in composition due to evaporation, and
were scanned only once to avoid ambiguities arising from slow
redissolution [13].
4. Measurements
Infrared spectra were obtained on films cast from chloroform on NaCl
plates or as KBr pellets on a Perkin-Elmer 1320 infrared spectrophometer.
NMR spectra were obtained on a Varian XL-200 spectrometer. Gel permeation
chromatography was performed with a Waters M45 solvent pump coupled to
a R410 differential refractometer, four microstyragel columns (106 , 105 , 104
,
103 A), and a Hewlett-Packard 3380A recorder. Degassed THF was eluted at 1.1
ml/ min. Polystyrene standards (Polysciences) were used for calibration, and
molecular weights are estimated as those of polystyrenes of equivalent
elution volume. PNIPAAM samples were injected at 5 mg/ml and data
analyzed with BASIC programs on a Macintosh SE computer.
Optical density (OD) measurements were made at 500 nm on a
Beckman DU-7 spectrophotometer with a water-jacketed cell holder coupled^
with a Lauda RM-6 circulating bath. Temperatures were manually ramped at
rates of ca. 0.5 °C /min and monitored by a Fisher electronic thermometer.
Cloud points were taken as the initial break points in the resulting optical
density versus temperature curves and were independent of small
fluctuations in the heating rate to within ± 0.5 °C Data points near and below
0 °C were obtained with a Lauda k-4/RD bath and an Omega 450-ATH
themistor thermometer.
Calorimetric (DSC) scans were obtained on a Microcal, Inc., MC-1
scanning microcalorimeter at a heating rate of 15 °C/hr. Samples were
degassed and transferred to the sample cell with a calibrated syringe. Polymer-
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free solutions of the same solvent composition were placed in the reference
cell. Calibration was achieved by supplying a precisely known current to the
reference cell of the calorimeter. Transition temperatures are accurate to
within ± 0.1 °C.
Intrinsic viscosities were determined in No. 50 Cannon- Ubbelohhde
semi-micro dilution viscometers at 27.5 ± 0.1 °C, with temperature controlled
by a Lauda MT circulating water bath. Initial samples of ca. 8 mg/ml were
sequentially diluted with solvent mixtures to yield relative viscosites between
1.2 and 2.0 [14]. Data were treated statistically using Huggins plots.
Phase diagrams were calculated on the UMASS Cyber 870 in Fortran V
using the DI3000 plotting package.
D. Results and Discussion
L Synthesis of PNIPAAM
The synthesis of PNIPAAM was accomplished in a buffered aqueous
redox system initiated with ammonium persulfate and tetramethylethyl-
enediamine. A combination of dialysis and reprecipitation with
chloroform /hexane was used to isolate a polymer sample (R2A) of reasonably
high molecular weight ( Mw = 160,000; Mn = 49,000; Mw / Mn = 3.2). That
partial fractionation was possible is evident from the molecular weight and
polydispersity of the polymer fraction (R2B) recovered from the filtrate; this
fraction was characterized by Mw = 76,000; Mn 11,000; Mw / Mn 6.9. This
synthetic method is analogous to that used by Hirotsu to prepare PNIPAAM
gels [3] and thus should serve to minimize any differences in chain
microstructure between our work and theirs. The importance of pH and ionic
strength in aqueous redox polymerizations of NIPAAM has been investigated
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[153; we note here only that our attempt to synthesize PNIPAAM in an
unbuffered medium led to very rapid polymerization and increased
polydispersity.
2. Solution Properties of PNIPAAM
a f Cloud point measurements. Several experimental techniques can be
applied to the observation of critical solution temperatures [16]. Home [11]
demonstrated that cloud points indicative of precipitation in PVME-water-
methanol mixtures shifted to higher temperatures as the volume fraction of
methanol increased. We have confirmed these results (Figure 3.1); both cloud
point and DSC measurements reveal a monotonic rise of ca. 25° C in the
LCST as the volume fraction of methanol is increased from 0 to 0.40. At
higher methanol content the LCST exceeds the boiling point of the mixture.
One might expect a similar increase in the LCST of PNIPAAM in mixed
aqueous solutions as methanol is substituted for water, since methanol is a
better solvent for PNIPAAM based on light scattering [17], viscometry [18], and
gel swelling experiments [2]. This is not observed, however (Figure 3.2);
instead, there is an initial sharp depression of the cloud point with the
addition of methanol, and then a sudden increase in solubility. Above a
volume fraction of methanol of 0.66, the polymer does not precipitate below
the boiling point of the mixture.
Thus, at room temperature, both methanol and water are solvents for
PNIPAAM yet the phase diagram shows that certain proportions result in
immiscibility. This phenomenon has been termed "cononsolvency" [12, 19-
20]. It also occurs, albeit in different degrees, in aqueous solutions of
PNIPAAM with tetrahydrofuran (THF) or dioxane as the second solvent
(Figure 2). Acetone has also been used as a cononsolvent to isolate PNIPAAM
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via precipitation from aqueous solutions [1], and our preliminary studies
identify dimethylsulfoxide (DMSO) and ethanol as cononsolvents as well.
fr, Microcalorimetry. Plotted in Figures 3.3 - 3.5 are the endothermic
transitions observed upon heating aqueous PVME and PNIPAAM solutions
in the differential scanning microcalorimeter. Transition temperatures
determined calorimetrically agree quantitatively with the cloud point
temperatures. Interestingly, similar trends in peak shapes exist for PNIPAAM
and PVME despite contrasting transition temperature trends. Heskins and
Guillet [13] have attributed the PNIPAAM endotherm to the heat required to
break polymer-water hydrogen bonds, a view that is supported by the
transition enthalpy measured in water (ca. 1.5 kcal/mole of repeating units).
Our results show that as the volume fraction of the cononsolvent increases,
the calorimetric enthalpy of the LCST endotherm decreases. This is shown
most clearly in PNIPAAM-dioxane mixtures (Figure 3.5) where the range of
measurement is not limited by the fact that the calorimeter is very difficult to
equilibrate at temperatures below 15 °C. These results suggest that the
nonaqueous solvent reduces either the number, or the strength, of polymer-
water contacts. Preferential adsorption [21-23] of the nonaqueous solvent
would result in a decreased transition enthalpy since the strength of hydrogen
bonding of the polymer to the second solvent is likely to be lower than that to
water [24]. Alternatively, water-alcohol complexation [22 - 23] might be
expected to reduce the strength of favorable water-polymer interactions, even
in the absence of preferential adsorption.
3. Ternary solution theory
The systems under study are ternary mixtures of two solvents
(components 1 and 2) and a single polymer (component 3). Rather than
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reducing these systems to binary Flory - Huggins solution by applying the
single liquid approximation [12,19-20], we adopt the approach of spinodal
calculations on the extended ternary model [25-26] that Tompa [27], Patterson
[28] and others [29 - 30] have used successfully. They avoid the assumptions
required to solve the complex binodal equations by exploiting the similarity
of the binodal and spinodal curves. Solving the familiar expression for the
free energy:
AG = RT(n 1lnv 1 + n2lnv2+ n3lnv3 + Xi2niv2+Xi 3n 1V3+X23n2V3) (Eq. 1)
with the condition for the spinodal:
(5AG/5n25n2)(5AG/5n38n3)= (8AG/5n28n3)2 (Eq. 2)
the resulting equation can be plotted:
vi + V2 + miv3 - 2(a +b)v^V2 " 2(b+c)miv2V3 - 2(a+c)miviv3 +
4(ab+ac+bc)mivjV2V3= 0 (Eq. 3)
where mj is the degree of polymerization, nj the mole fraction, and vj the
volume fraction of component i
, and
2a = X12+X13-X23
2b = X12+X23-X13
2c = X13+X23-X12
where Xrs is the binary interaction parameter between components r and s.
Let us denote water as component 1, methanol as component 2, and polymer
as conponent 3. Why does cononsolvency occur with PNIPAAM and not
with PVME? For both polymers, methanol is a good solvent at all
temperatures below the boiling point since no binary critical solution
temperatures exist; thus, X23 *s always less than 0.50, the critical maximum
value for polymer solubility. Since both polymers exhibit LCSTs in water,
X|3 must be an increasing function of temperature, passing through 0.50 at
the LCST. X\2 can be obtained from vapor-liquid equilibrium data [31]; it is
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dependent upon composition and temperature. We approximate X 12 as 1.60,
averaging over its composition and temperature dependence. This
approximation was not found to affect our conclusions. The actual values
varied from ca. 1.10 to 1.70; therefore, Xu did not attain the binary solvent
LCST critical value of 2 prior to the boiling point of methanol or at any
composition. Thus we vary only % 13 with temperature for simplification.
All of these X's are composition dependent and probably perturbed from
their values in binary solutions, but we apply these assumptions rather
than incorporate additional parameters that would obfuscate physical
meaning [32 - 33].
Figure 3.6 illustrates the resulting phase diagrams calculated at constant
temperatures for X\i = 1.60. Realizing our experiments are a cross-section at
constant and very low polymer concentration, we recognize similarity to the
PVME behavior in Figure 3.1 by piling up the triangles and "slicing the cake."
X13 must be greater than 0.5 for immiscibility to be observed. By applying the
Flory-Rehner equation to PNEPAAM gels, Hirotsu [2] has calculated %23
(methanol as component 2, PNIPAAM as component 3) as a constant 0.45,
and X13 (water as component 1) as increasing from 0.45 to 0.55 as one heats
through the LCST. As these are close to the values in Figure 3.6, it appears
that peculiarities in X\2 cause cononsolvency. Wolf and Willms [12] conclude
that cononsolvency occurs either when the two solvents are close to
demixing {X\2 approaching +2) or when they complex between themselves
OL\2 < 0). Thus they respectively "hate" or "love" each other to such an
extreme that the polymer can not coexist with them in the same phase.
We applied these tendencies to our simulation: sure enough, "islands"
of immiscibility [12, 16] characteristic of cononsolvency appear when the
absolute magnitude of Xyi is large. Figures 3.7 and 3.8 summarize trends in
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island shapes with variations in parameters. For positive Xj 2, larger
"islands" exist (Figure 3.7) for increasing X12, or X13 , and decreasing X23 . We
thus discovered that one can not create these "islands" for PNIPAAM with
even higher positive values of X12 than 1.60 (less than 2) for the
experimental value of 0.45 for X23 . This is why we plot (Figure 3.6 - 3.7)
results for a lower value of X23 , while increasing X13 through the LCST. On
the other hand, with negative Xi2 (Figure 3.8), "islands" now increase in size
for increasing X23 , while still also increasing in size as the magnitude of the
other two X's increases. This then makes it possible to observe cononsolvency
with the known value [2] for X23 .
Applying the above facts, we could easily obtain the "correct" phase
diagram for PNIPAAM as Figure 3.9 demonstrates. This phase diagram only
lacks the critical-like point associated with the sudden increase in solubility.
However, the observed asymmetry in the experimental phase diagram is
predicted. Our calculations thus seem to support the requirement suggested
by Tanaka [21] that the sign of the excess free energy between methanol and
water must be negative in the presence of PNIPAAM. Experimental
evidence for this is plotted in Figure 3.11. Dondos and Patterson [34-37] have
developed a qualitative theory derived from the Stockmayer-Fixman
equation [34] and theories by Pouchly [32-33] that states that the signs of X} 2 ,
and of the deviation of the intrinsic viscosity from the linear average between
its values in the pure solvents are the same (in one noted exception, a
conformational transition was hypothesized [37]). Our viscosity data (Figure
3.11) clearly show negative deviation from the linear average and suggest a
negative value for Xj2 in ternary mixtures of water, methanol, and
PNIPAAM.
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can
Why then can PNIPAAM and not PVME modify X 12 ? One
rationalize that since the amide group of PNIPAAM is both a hydrogen bond
donor and acceptor, it can change the sign of 5C12 and thus the interactions
between water and the second solvent much more effectively than PVME
which only has an ether oxygen acceptor [24]. Kjellander and Florin suggest
that the solubility of PVME in water is due to accomodation of the methoxy
groups at the oxygen lattice points of a hexagonal water structure [38]. It is a
strained fit, not having the optimum geometry of polyethylene oxide) (PEO)
so an LCST results at much lower temperatures than for PEO. Contrast this
passive solubilization with the active role of amide groups. Woods and
coworkers have provided evidence that one amide group polarizes a water
molecule by hydrogen bonding which in turn allows the other end of the
water molecule to form a stronger hydrogen bond with a second amide group
[39]. Furthermore, enthalpies of dilution for N-alkylated polyacrylamides are
more negative than for polyacrylamide thus suggesting that the amide groups
are kept apart and from intramolecularly bonding [40]. We cautiously avoid
citing small molecule studies: the nature of the amide nitrogen hydrogen and
thus the hydrogen bonding of PNIPAAM in water changes as one proceeds to
species larger than trimers [41]. This particular study was based on NMR;
however, we have observed that the substitution of 90% D2O for H2O can
result in an elevated the LCST of PNIPAAM by 1.0 ± 0.1 °C. Although
microcalorimetry observes negligible changes in the endotherm's shape, this
finding further inhibits drawing quantitative conclusions.
Considering the inadequacy of Flory-Huggins mean-field theory in such
nonrandom mixing we have been describing evidence for, our qualitative
agreement is commendable. Indeed, we can introduce composition-
dependent functions of Xyi to easily create a critical point, but such
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manipulations are not experimentally verifiable or unique. What we would
like to stress is the importance of the strength of all the possible species
contacts in this "romantic triangle" as Walker and Vause have [9],
Alternatively, we could attempt to fix %u at its unperturbed value and
modulate %23 to explain cononsolvency. Such an approach however is not as
reasonable as 0.5 is certainly the upper bound on X23 (otherwise PNIPAAM
would not be soluble in methanol). Extrapolating from the trends in Figure
3.8, negative X23 would yield immiscibility; however, such polymer-solvent
interaction parameters have not been reported [42]. Other cononsolvents
such as THF and dioxane exhibit similar interactions and thus X l2 [31] with
water; therefore, their ternary polymer solutions can also be explained with
the above theory. The different degree of LCST depression would follow from
differences in the actual values of the interaction parameters. The driving
force for cononsolvency thus appears to be the preference of water to
hydrogen bond and complex with the second solvent instead of with
PNIPAAM; this is reflected by the negative value for X\2 that we have
justified on the basis of viscometric measurements. Because PNIPAAM is
more actively involved in being in the correct orientation for hydrogen
bonding than PVME, its solubility is first depressed by the addition of
methanol that disturbs those interactions. At higher concentrations, there is
enough methanol available to solubilize it once again as this is the better
binary solvent.
4. Analogies with gel collapse transitions
The phase diagram of PNIPAAM in aqueous methanol solution is
replotted in Figure 3.10 along with data recently published by Hirotsu [3] for
PNIPAAM gels synthesized with the same initiation system. Instead of a
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single chain precipitating, Hirotsu observes gel collapse under similar
conditions. The collapse temperatures at low methanol concentrations
extrapolated from his Figure 3 superimpose on our single chain results. The
regions of temperature-independent gel collapse and expansion from his
Figure 1 (d/dQ < or > 1) also are consistent with our results; i.e., the linear
polymer is always precipitated or always in solution within the temperature
range investigated by Hirotsu. The reentrance of the gel is more gradual and
occurs at a higher volume fraction of methanol than that of the single chain.
The latter fact is in agreement with our finding that the critical volume
fraction of methanol increases with molecular weight [43] since a gel has
infinite molecular weight. The gel thus acts as a "sum of its parts": the
microscopic chain collapse is amplified to a macroscopic change in gel
dimensions, yet a crosslinked network is not a necessary condition for the
collapse transition. Not surprisingly, gel collapse has also been obtained with
addition of DMSO to aqueous PNIPAAM gels [44]; we mentioned earlier that
we had found it to be a cononsolvent for linear chains. The combination of
our investigations with those of Hirotsu thus provides the best experimental
evidence for predictions by Erman and Flory [45] regarding universality in
collapse transitions since the identical chemical system is involved.
A further comparison is possible with Hirotsu's work [3]: adding
polyacrylamide to aqueous PNIPAAM gels was shown to cause the collapse
transition through an external osmotic effect due to the inability of the large
polyacrylamide (PA) to penetrate the gel; however, our similar results with a
single chain display (Table 3.1) that this is not a necessary condition. We
observe a 0.4 °C depression of the LCST of linear PNIPAAM with a similar
amount of PA, and further depressions with increased amounts of PA. This
polymer-induced coil-globule transition has been theoretically and
56
experimentally explored by Tanaka and Ushiki [46]. Interestingly, it can also
be explained through relative interaction parameters and the "delta chi" effect
discussed by Patterson [29]. Figure 3.12 illustrates his general finding that two
chemically similar acrylamide polymers may form a phase separated solution
in a solvent to which they have a difference in affinity: polyacrylamide is
certainly more water-soluble than PNIPAAM which has a hydrophobic N-
isopropyl group. The interpretations of Tanaka and Patterson can be
considered equivalent; Flory originally treated both single chain expansion
and gel swelling from a balance of free energy of elasticity to that of mixing
[47]. Clearly, phenomena are best understood through examining them from
complementary perspectives.
F. Conclusions
PNIPAAM exhibits cononsolvency in mixed aqueous solutions while
PVME exhibits more typical behavior upon addition of a better solvent. As
methanol is substituted for water, the LCST of PNIPAAM is first depressed
then suddenly elevated whereas for PVME a monotonic increase in the LCST
is observed. A wide variety of water-miscible polar solvents result in the
same qualitative response. Calculations based upon Flory-Huggins solution
theory coupled with intrinsic viscosity measurements of PNIPAAM in water-
methanol mixtures lead us to propose that such solution behavior results
from perturbation of X\2- Physically interpreted, this supports that water-
methanol complexes are preferred over PNIPAAM-water hydrogen bonds.
This is reasonable since the former involve a much smaller loss of entropy.
An alternative argument that perturbation of X23 and thus polymer-
methanol complexation occurs seems less reasonable based upon the
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experiements and calculations we have done and the literature. That
analogous behavior was observed with PNIPAAM gels [2 -3] and explained
with a mean-field theory invoking similar changes in Xu offers stimulation
for cross-application of other phenomenon and increased understanding of
the universality of polymeric response to environmental stimuli.
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Table 3.1. Perturbation of the LCST transition
of PNIPAAM by Polyacrylamide (PA).
PNIPAAM Transition Temperature (°C)
R2A (0.4 mg/ml) 34.0 ± 0.1
R2A (0.4mg/ml)
w/ 3.6 mg/ml PA 33.6 ± 0.2
Hirotsu gel [3] 33.6
r
Hirotsu gel [3]
w/ 3.3 mg/ml PA 33.4
(0.25 vol%)
62
65
30 H ' 1 1 « 1 1 1
—
0.00 0.10 0.20 0.30 0.40
Volume Fraction Methanol
Figure 3.1. Phase Diagram of PVME (0.40 mg/ml)
in water-methanol mixtures.
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Figure 3.2. Phase Diagram of PNIPAAM (0.40 mg/ml)
in water-cononsolvent mixtures: (O) MeOH Cloud Pt.;
(+) MeOH DSC; (A) THF Cloud Pt.; () THF DSC;
() Dioxane Cloud Pt.; (x) Dioxane DSC.
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Figure 3.3. Microcalorimetric endotherms for aqueous PVME (0.40
mg/ml) solutions at various volume fractions of methanol. Figures
adjacent to each endotherm give volume fraction of methanol and
temperature at maximum ACp.
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Figure 3.4. Microcalorimetric endotherms for aqueous PNIPAAM (0.40
mg/ml) solutions with added methanol. Figures adjacent to each
endotherm give volume fraction of methanol and temperature at
maximum ACp.
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Figure 3.6. Flory Huggins ternary solution spinodal curves
mi (water)=1 m2(methanol)=l m3(PVME)=1000 ;
%12 =1.60, X23=°-15/ X13 = 0.55(a), 0.60(b), 0.65(c).
%i3 > 0.50 is required to produce immiscibility.
See equations in text for definition of terms.
Figure 3.7. Flory Huggins ternary solution spinodal curves
mi=lm2=lm3=1000; X12 =1.90; X23=0.00; X13= 0.45(a), 0.50(b), 0.55(c).
Larger "islands" exist for increasing Xyi> ^13/ a^d decreasing X23 .
Figure 3.8. Flory Huggins ternary solution spinodal curves
ml=l m2-l m3=1000
; X12 =-0.70; %23=0-30; X13- 0.45(a), 0.50(b), 0.55(c).
Larger "islands" exist for increasing X } 3, X23, and decreasing X12
(more negative).
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Figure 3.9. Flory Huggins ternary solution spinodal curves
mi (water)=1 m2(methanol)=l m3(PNIPAAM)=1000 ;
X12 =-0.50; X23= 0.45; X13 = 0.45 (at 10°C), 0.50 (at 25°C), 0.55 (at 40°C).
Temperatures refer to the indicated cross-section from the
experimental data displayed in Figure 3.2.
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Figure 3.10. Intrinsic viscosity (ml/mg) of PNIPAAM in water-
methanol mixtures measured at 27.5 ± 0.1 °C. Indicated precipitation
region spans samples above their LCST.
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Figure 3.11. Phase Diagram for PNIPAAM in water-methanol mixtures
replotted with Hirotsu's [3] gel collapse transitions. Composition ranges
are shown where the gel is always collapsed or always expanded over
the temperature range investigated.
(O) Cloud Pt.j (•) DSC; (x) Gel data.
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Figure 3.12. Flory Huggins ternary solution spinodal curves
mi(water)=l; m2(polyacrylamide)=1000; m3(PNIPAAM)=1000;
%12=0.30; Xi3=0.45> %23=0.00. The magnitude of (X12-X13)
determines the size of the island of immiscibility.
CHAPTER IV
PERTURBATIONS OF THE LCST OF POLY(N-ISOPROPYLACRYLAMIDE)
BY A SERIES OF SODIUM N-ALKYL SULFATES
A. Abstract
The interaction of a series of sodium n-alkyl sulfates with
poly(N-isopropylacrylamide) (PNIPAAM) in aqueous solution was
investigated. Changes in the lower critical solution temperature (LCST) of
the polymer were monitored by cloud point and solution microcalorimetry
measurements. As the chain length of the surfactant increased, greater
polymer solubilization, reflected by respectively higher LCSTs at lower
surfactant concentrations, was observed. The optical density of solutions
above the LCST sharply decreased with increasing concentrations of
surfactant for the longer chains lengths employed. Characteristic trends in
the shapes of microcalorimetric endotherms (transition width and relative
peak height) were also observed as a function of chain length.
B. Introduction
Investigation of the interactions between nonionic polymers and
surfactants in aqueous solutions is motivated by biological, industrial, and
theoretical concerns. Goddard [1] has published the most recent review,
summarizing the systems and methods involved. Electrostatic, hydrophobic,
and steric factors influence whether complexation exists between the two
species. Electrostatic interactions are modulated by selecting anionic, cationic,
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zwitterionic, or nonionic functional head groups. Van der Waals forces
depend on the length of hydrophobic surfactant tails, and subsequently affect
the magnitude of changes in the interfacial free energy. Steric factors
determine geometric packing.
Numerous investigations support that nonionic polymers such as
polyethylene oxide) (PEO) and polyvinyl pyrrolidone) (PVP) complex with
anionic surfactants, particularly with sodium n-dodecyl sulfate (SDS) [1]. The
resulting structure has been best defined through Cabane's neutron scattering
studies [2], schematically depicted in Figure 4.1. Through selective
deuteration, it was established that single polymer chains bind a number of
miniature surfactant micelles along their contour. Other experiments have
focused on determining the critical aggregate concentration (CAC) at which
these attached micelles cooperatively form and the subsequent change in
polymer conformation.
Our studies have focused on understanding aqueous mixtures of the
nonionic polymer poly(N-isopropylacrylamide) (PNIPAAM) and diverse
cosolutes. If analogous interactions exist between PNIPAAM and surfactants
such as SDS, investigations are motivated since PNIPAAM structures are also
being used for practical applications [3-7]. Furthermore, whereas many
studies of polymer-surfactant complexes focus on the change in critical
micellar concentrations of the surfactant [1], fewer studies have
simultaneously examined the corresponding change in polymer
conformation. Attached charged species convert nonionic polymers into
polyelectrolytes; indeed, characteristic polyelectrolyte viscometry [1, 8] has
been observed, although its absolute value was criticized [8]. PNIPAAM
possesses a lower critical solution temperature (LCST) in water above which it
collapses and precipitates upon heating [9]. Since these attached surfactants
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electrostatically oppose polymer collapse and aggregation, one would also
expect enhanced polymer solubility as detected by an elevated LCST. Such
phenomena with PEO and PVP are unobservable since their critical
temperatures lie above the solution's boiling point [10]. Recently synthesized
comblike polymers [11] of the former possess LCSTs as does polyvinyl acetate)
(70% hydrolyzed) [12]; both exhibit elevated cloud point temperatures upon
surfactant addition. However, neither study probed for changes in the state of
surfactant association. We will measure the properties of both solutes in the
aqueous medium.
Our study will systematically investigate the interaction of PNIPAAM
with SDS and then explore the role of the hydrophobic effect by successively
substituting a series of sodium n-alkyl sulfates. We will intensify our
application of solution microcalorimetry (DSC) to study the LCST of
PNIPAAM to demonstrate its advantages over sometimes ambiguous cloud
point measurements. An accompanying chapter [13] will apply fluorescent
techniques to monitor changes in the critical micellar concentrations of each
surfactant, thereby systematically relating the association behavior of the
surfactants to perturbations of the LCST. The mechanisms of interaction
present in this system will then be elucidated. Such studies will then also be
able to aid optimal selection of surfactants to minimize their interference
with techniques such as the immunoassay recently developed by Hoffman [3].
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C. Expprimpntal
h Materials
N-isopropylacrylamide was obtained from Eastman Kodak Co. and
recrystallized (mp 64-66 *Q from a 65/35 mixture of hexane and benzene
(Fisher Scientific Co.). Acetone (HPLC Grade) was also obtained from Fisher.
Azobisisobutyronitrile (AIBN) from Alfa Chemical Co. was recrystallized
from methanol (Aldrich Chemical Co.), avoiding decomposition by
maintaining the temperature below 40 °C Surfactants were obtained as
samples of the highest purity available from a variety of suppliers listed
below: sodium n-dodecyl sulfate (J.T. Baker), sodium n-decyl sulfate (Kodak),
sodium n-octyl sulfate (Aldrich) and sodium sulfate (Aldrich, anhydrous),
sodium salts of n-hexadecyl, n-heptyl, n-hexyl, n-pentyl, and n-butyl sulfate
(Lancaster Synthesis, Ltd.), sodium ethyl sulfate (Pfaltz and Bauer, Inc.) and
sodium methyl sulfate (American Tokyo Kasei, Inc.). Elemental (C, H)
analyses were within 0.3 % of theoretical for all surfactants. Na analyses were
within 1.0 % of theoretical for all surfactants; S analyses were found to be
lower than theoretical as a result of combustion yielding a poorly soluble
metal oxide-sulfur compound. Distilled water was analyzed (Barnstead Co.,
Newton, MA) to contain 0.66 ppm total ionized solids (as NaCl) and 0.17 ppm
total organic carbon (as C). Sodium azide (Fisher) was employed as a
bactericide (0.10 w/v %) in stock polymer solutions.
2. Synthesis
N-isopropylacrylamide (5 g), dissolved in 40 ml benzene with 1 mole %
recrystallized AIBN, was degassed through three cycles of freezing and
thawing. After polymerization by stirring in an oil bath at 49 °C for 22 hr
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under a positive nitrogen pressure, the solvent was evaporated. The crude
solid was vacuum-dried, crushed, dissolved (acetone, 47 ml), and precipitated
by dropwise addition to hexane (600 ml). Upon filtering and drying, 3.62 g
(76% yield) of polymer was obtained. Elemental, infrared, and NMR analyses
were in agreement with previous results [15]; GPC (polystyrene standards)[15]
Mw = 440,000, Mn = 160,000, Mw / Mn = 2.8.
3. Sample Preparation
PNIPAAM was studied at a concentration of 0.40 mg/ml. Stock
solutions of concentration 4.00 mg/ml were prepared through dissolution of
the polymer in distilled water with 0.1 w/v % sodium azide for several days.
This polymer solution (0.20 ml) was diluted to 2.00 ml with distilled water or
salt or surfactant stock solutions. The salt and surfactant solutions (except
sodium n-hexadecyl sulfate) were prepared by addition of known volumes of
water to weighed amounts of surfactant. Concentrations are thus millimolal
(mm) which are equivalent to millimolar (mM) at lower concentrations.
Samples that precipitated at room temperature were refrigerated for several
hours to allow for redissolution. Microliters of methanolic stock solutions of
sodium n-hexadecyl sulfate were evaporated in vials to which diluted
polymer stock solution was added.
4. Measurements
Cloud points were determined to within ± 0.5 °C by measuring the
abrupt, temperature-dependent increase in optical density at 500 nm with a
Beckman DU-7 spectrophotometer coupled to a Lauda RM-6 circulating bath.
Temperatures were manually ramped at rates of ca. 0.4 °C/min and
monitored by an Omega 450-ATH thermistor thermometer. The same
temperature control system was used for scattering studies employing the
MPF-66 Perkin-Elmer fluorescence spectrophotometer. These measurements
utilized 500 nm as both the excitation and emission wavelength and
monitored the change in scattering intensity observed at 90°. Calorimetric
transition temperatures were obtained to within ± 0.1 °C with a Microcal, Inc.
MC-1 scanning microcalorimeter (DSC) scanning rate at 15 °C/ hr. Samples
were degassed and transferred to the sample cell with a calibrated syringe. For
surfactant concentrations greater than ca. 100 mm, a polymer-free surfactant
solution was placed in the reference cell; at lower concentrations, a distilled
water reference was used. The former solutions provided improved baseline
control with no other effect on results. Calibration was achieved by supplying
a precisely known current to the reference cell of the calorimeter. Samples
were scanned only once as subsequent scans could suffer from ambiguity
associated with the slower redissolution of the polymer [14].
D. Results and Discussion
1. Aqueous solutions of PNIPAAM
Free-radical polymerization of N-isopropylacrylamide in benzene with
AIBN as initiator results in precipitation of PNIPAAM. The conditions used
in this work yielded a high molecular weight, polydisperse sample
( Mw = 440,000; Mn = 160,000; based on polystyrene standards) that was used
throughout these studies at a fixed concentration of 0.40 mg/ml.
Our previous studies [15] established that microcalorimetry coupled with
cloud point measurements is a reprodudble and information-rich approach
to exploring the LCST of PNIPAAM in aqueous solution. The former
technique measures the enthalpy of an endotherm associated with
exchanging polymer-water hydrogen bonds for increased contacts between
like species during the phase separation that the latter method detects.
2. Effects of SDS nn H,» t CST of PMTP a am
Eliassaf reported in 1978 [16] that no precipitation was observed upon
boiling a PNIPAAM solution containing 1 % (ca. 35 mM) SDS. Indeed, the
Beckman spectrophotometer detects a change in optical density upon heating
through the LCST only in solutions that contain less than 10 uM SDS, i.e., ca.
6 SDS molecules per polymer chain (Figure 4.2) [17]. In seeming contradiction,
the microcalorimetric results shown in Figure 4.3 support the persistence of
the LCST up to considerably higher surfactant concentrations. The
temperature and width of the demixing transition increase rapidly with
increasing [SDS]; the relative peak heights decrease. The discrepancy between
the cloud point and calorimetric results is resolved by using more sensitive
instrumentation: measurement of 90° scattering in a fluorescence
spectrometer with excitation and emission monochromators both fixed at 500
nm yields well-defined cloud points even for concentrations where the
Beckman spectrophotometer (and human eye) detect no turbidity.
Apparently, the precipitated particles are simply too small to cause visible
turbidity at high surfactant concentrations [18]. Retarded intermolecular
aggregation can be rationalized as a consequence of interparticle repulsions
resulting from introducing charged micelles along the polymer.
The scattering cloud points agree very well with the calorimetric LCSTs
(Figure 4.4). The rapid rise in the LCST with increasing SDS concentration is
almost certainly associated with surfactant binding and intermicellar
repulsion; above ca. 17 mM SDS, the polymer solution is stabilized to such an
extent that the LCST is greater than the boiling point.
The observed LCST endotherms are characterized by decreasing peak
height, increasing transition width, and decreasing enthalpy as the
concentration of SDS is raised (Figure 4.3). Increasing surfactant
concentration thus reduces the cooperativity [19] of the demixing transition.
Again, one can rationalize that intermicellar repulsion shields adjacent
groups of repeating units from interacting with one another and thereby
reduces the cooperative unit size. This argument is feasible since the size
scales involved in nonionic polymer-micelle complexes prevent
"crosslinking" through attachment of more than one polymer to a micelle
[20]. Otherwise, one might rationalize that a greater number of repeating
units should be connected in their response. Thus attaching negatively
charged micelles to the polymer inhibits both intra- and intermodular
contacts. Hoffman reported [1] that 0.025 w/v % SDS (ca. 0.87 mM) inhibited
his bioseparation process: this is essentially the concentration of SDS at which
the LCST rises above its surfactant-free value (Figure 4.5).
3. LCST perturbation bv other sodium n-alkvl sulfates
Our studies then focused on the study of different alkyl chain length
surfactants interacting with PNIPAAM. The impetus is not only exploring the
hydrophobic effect [21] but also a practical perspective: employing different
surfactants may not interfere with processes such as bioseparation [1].
a. Solution turbidity. The surfactant concentration below which
solutions visibly precipitate above the LCST increases as the n-alkyl chain
length decreases. For sodium n-decyl sulfate and sodium n-octyl sulfate, these
concentrations are ca. 3 mM and 100 mM, respectively. For all shorter
hydrocarbon chain lengths and sodium sulfate, PNIPAAM solutions are
always visibly turbid above the LCST at any additive concentration. Therefore
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we can qualitatively conclude that precipitated particle sizes are smallest with
the longest n-alkyl chain lengths.
b. LCST trends. Regardless of which technique was used to obtain the
"cloud points", these temperatures always coincided with the observed
calorimetric peak maxima. Several conclusions can be drawn from Figures
4.4 - 4.8. With increasing addition of surfactant to PNIPAAM (0.40 mg/ml)
solution, the LCST initially decreases except for n = 10 and n = 12. It attains a
lower minimum value for shorter chain lengths. Indeed for n < 5, a
monotonic decrease in the LCST is observed at all concentrations. However,
for n > 5, the LCST displays an abrupt increase above its surfactant-free value
at concentrations of surfactants that are higher for smaller n. A maximum
plateau value of the LCST is subsequently reached upon further addition of
surfactant. As the n-alkyl surfactant chain length decreases, this maximum
decreases below the boiling point and occurs at greater concentrations.
Solubilization of PNIPAAM in aqueous solution therefore is greatest with the
longest n-alkyl chain lengths. Beyond this apparent saturation plateau, the
LCST is observed to decrease for n < 10. If one then associates this plateau
with polymer saturation, free micelles being formed in solution can serve as
electrostatic shielding causing polymer chain contraction at high ionic
strength similar to normal polyelectrolytes [1]. All our experiments were done
at concentrations below those of any mesomorphic transitions in the
surfactants [22]; the amphiphiles are always in their spherical micellar phase.
Expanded curves in Figure 4.7 focus on the initial depression of the
LCST that occurs with PNIPAAM upon adding all surfactants with n-alkyl
chain lengths less than or equal to n-octyl. For n< 5, the LCST is never
elevated (Figure 4.8); it is depressed below the freezing point of the mixture at
even higher concentrations. Considering the plethora of studies [14 - 15, 25] on
the "salting-out" of polymers from solution due to "breaking water
structure", we might hypothesize that this decrease is caused by unbound
surfactant "salt". Figure 4.8 demonstrates sodium sulfate is most effective in
depressing the LCST; even if one accounts for the higher ionic strength of
these solutions, it is a stronger LCST depressant than any of the alkyl sulfates
This is a result of the different manner in which ionic and organic species
affect water structure [12]. As the shortest n-alkyl chain length surfactants
here do not form micelles, we would like to relate the sudden increase in the
LCST for n= 5 - 8 to micellar binding to PNIPAAM. The following paper
establishes this through a study of the polymer's effect on surfactant structure
c. Endotherm shape patterns Sodium n-decyl and sodium n-octyl
sulfate perturb the PNIPAAM LCST endotherm peak shape in a manner
similar to that observed for SDS (Figure 4.3); however, as shown in Figure 4.9,
upon addition of sodium n-heptyl sulfate, the PNIPAAM endotherms first
broaden and then completely disappear at the minimum of the LCST curve
(ca. 140 mm, Figure 4.7). They reappear upon the upturn of the LCST curve
(ca. 180 mm, Figure 4.5). Cloud point and microcalorimetric methods thus
show some disagreement as the endotherms become very broad. For sodium
n-hexyl and n-pentyl sulfate, the endotherm once again "disappears" as the
transition becomes too broad to observe near the LCST minimum; baseline
perturbations always reappear near the cloud point values once the LCST
rises above its surfactant-free value although not as distinctly as in the
n-heptyl system.
Finally, the seemingly identical behavior of the n-butyl, ethyl and
methyl sulfates based on the LCST peak position alone is deceiving. Figures
4.10 and 4.11 demonstrate very different behavior based on the trends in peak
shape. While the n-pentyl-associated peak is shrinking and broadening out of
view, the
-n-butyl" peak gradually shrinks without broadening. Within
experimental error, the methyl and ethyl species merely shift the peak of
surfactant-free PNIPAAM to lower temperature. Sodium sulfate results in
more disruption of the endotherm than any of the sodium n-alkyl sulfates.
At the other end of the n-alkyl spectrum, Figure 4.13 illustrates two
PNIPAAM DSC scans with added sodium n-hexadecy.sulfate, the significance
of which we will discuss in the accompanying chapter [13]. In comparison
with SDS, even lower concentrations of the C16 surfactant perturb the
PNIPAAM LCST.
E. Conclusions
Our results based on PNIPAAM LCST behavior thus show increased
polymer solubilization with increasing alkyl chain length surfactants in
agreement with other nonionic [12], charged [23] and peptidyl [24 - 25]
polymeric systems. For shorter chain lengths, only a depression of the
PNIPAAM LCST is observed analogous to "salting-out". At a well-defined
concentration (that decreases with increasing n) of each added sodium n-alkyl
sulfate for n > 4, the LCST of PNIPAAM increases above its initial surfactant-
free value. We would like to associate these increases to the creation of
polymer-attached micelles. Our accompanying investigation [13] explores
critical micellar concentrations present in these systems and compares them
to observed LCST phenomena. H
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Figure 4.1. Cabane model for nonioruc polymer-surfactant micelle
0 10 20 30 40 50 60 70
SDS(JIM)
Figure 4.2. Change in optical density upon heating PNIPAAM
(0 40 mg/ml) through the LCST (ca. 25-35 °C) with varying amounts
of SDS. No further increase in optical density occurs in the clear
solutions up to the boiling point.
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TEMPERATURE (°C)
Figure 4.3. Microcalorimetric endotherms for PNIPAAM
(0.40 mg/ml) with added SDS. Temperatures of peak maxima
are plotted in Figure 4.4.
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Figure 4.10. Relative calorimetric peak heights with added sodium n-
pentyl, n-butyl, ethyl and methyl sulfate and sodium sulfate from
microcalorimetric data. (•) n=5; () n=4; () n=2; (O) n=l; (+) sodium
sulfate.
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Figure 4.11. PNIPAAM transition widths with added sodium n-pentyl
n-butyl, ethyl and methyl sulfate and sodium sulfate from
'
microcalorimetric data. (•) n=5; () n=4; () n=2; (O) n=l; (+) sodium

CHAPTER V
CHANGES IN CRITICAL MICELLAR CONCENTRATIONS
OF A SERIES OF
SODIUM N-ALKYL SULFATES
BY
POLY(N-ISOPROPYLACRYLAMIDE)
A. Absh?tf
The interaction of a series of sodium n-alkyl sulfates with
poly(N-isopropylacrylamide) (PNIPAAM) in aqueous solution was
investigated; previously, we discussed perturbations of the polymer's lower
critical solution temperature (LCST), monitored by cloud point and solution
microcalorimetry measurements. As the alkyl chain length of the surfactant
increased, greater polymer solubilization, reflected by higher LCSTs at lower
surfactant concentrations was observed. In this section, various fluorescent
probes were employed to follow the complementary changes in surfactant
micellization. The critical aggregation concentration (CAC), denoting
formation of polymer-attached micelles, decreased relative to the polymer-
free CMC as longer n-alkyl surfactant chains were employed. Results with
several probes and application of the model of Nagarajan and Ruckenstein
provide additional support. Polymer-surfactant complexation thus enhances
both polymer solubility and surfactant aggregation in these systems.
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B. Introduction
Manipulating polymer-surfactant interactions in aqueous solutions by
adjusting structural parameters allows tailoring of properties for desired
specifications. Over 20,000 citations exist for the original paper for gel
electrophoresis, which demonstrated protein molecular weight
determination using sodium dodecyl sulfate (SDS) [1]. Surfactant
amphiphilicity is providing impetus for mixing with macromolecules in
applications as diverse as enhanced oil recovery, electronic printing,
microelectronics, and novel separations [2]. Even a child's soap bubbles last
longer with polymeric additives [3]. Nonetheless, predicting even simple
microstructures by analytic theories and computer simulations is still
challenging [4].
Our studies focus on mixtures of surfactants with the nonionic polymer
poly(N-isopropylacrylamide) (PNIPAAM). The previous portion of this work
demonstrated [5] that increasing the hydrocarbon chain length in a series of
sodium n-alkyl sulfates leads to greater polymer solubilization at lower added
surfactant concentration as reflected by higher elevation of PNIPAAM's lower
critical solution temperature (LCST).
Both the polymer [6] and surfactants are amphiphilic: complementary
parts of each species can cooperatively interact to form micelles attached to
the polymer below the surfactant's critical micellar transition (CMC) at a
designated critical aggregate concentration (CAC). We apply here the
fluorescent probe pyrene [8] to comparatively monitor the surfactant
association behavior, and then directly relate observed transitions to
perturbations of the LCST of PNIPAAM. Our results are subsequently
discussed in terms of the Ruckenstein-Nagarajan model [9-15] for nonionic
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polymer-surfactant complexation. Finally, investigations of other probes
examine the validity of our techniques.
C ExpprimPnfaT
1. Materials
PNIPAAM synthesis and characterization is reported in the previous
part [5] as are sources of the sodium n-alkyl sulfates. Pyrene, 1-benzoylacetone,
and 1-pyrenecarboxaldehyde were used as received from Aldrich Chemical
Co. The sodium salt of 2-(N-dodecylamino)naphthalene-6-sulfonic acid
(C12NS) was used as received from Molecular Probes, Inc. Hydrocarbons for
surface tensiometry were pentane (HPLC Grade, Aldrich), hexane (OmniSolv,
EM Science), heptane (HPLC Grade, Fisher Scientific Co.), octane (99+%,
Aldrich), and decane (99+%, Aldrich).
2. Samp le preparation
PNIPAAM was studied at a concentration of 0.40 mg/ml; stock solutions
were prepared as previously described [5] but adapted for probe incorporation.
Where pyrene or 1-pyrenecarboxaldehyde were used, microliters of a
millimolar acetone solution were added to sample vials with subsequent
evaporation of the acetone prior to the addition of the polymer solution.
Enough probe was incorporated for ca. 1 \iM aqueous solution. For
1-benzoylacetone, the PNIPAAM stock solution was diluted with surfactant
stock solutions prepared in 62 uM aqueous 1-benzoylacetone instead of
distilled water. For C12NS, samples were prepared by diluting the PNIPAAM
stock solution with replacement of 0.10 ml distilled water with 0.10 ml of a
12.6 mm C12NS stock solution (final concentration 0.63 ,M>. All samples were
vortexed (GenieTM, Fisher) prior t(J spectral
3. Measurements
Spectra for 1-benzoylacetone were obtained in the wavelength range
200
- 350 nm with a Beckman DU-7 spectrophotometer. Pyrene, C12NS, and
1-pyrenecarboxaldehyde emission spectra were obtained with a Perkin-Elmer
MPF-66 fluorescence spectrophotometer exciting respectively at 337, 303, and
365.5 nm. Slit widths were 3 nm for pyrene and 5 nm for the other probes. All
measurements were done at 24.5 ± 0.5 °C unless indicated, by coupling the
spectrophotometer with a Lauda RM-6 circulating bath. Calculations were
done using the TK Solver® program on a Macintosh® SE computer.
Interfacial tensions were measured by the Wilhelmy plate method with a
Rosano® surface tensiometer (Biolar Corporation) and by the du Nouy ring
method with a Fisher Model 21 Tensiomat following ASTM methods [16] at
room temperature (ca. 24.5 °C).
D. Results and Discussion
1. Critifal concenh-aHnns
We applied pyrene as a polarity probe to detect the CMCs of the sodium
n-alkyl sulfates. An abrupt drop in the ratio (11/13) of the intensities of the
first and third peaks in the emission spectrum occurs as pyrene is solubilized
in the more hydrophobic environment of micelles as they form [7 - 8, 17 - 18).
The presence of pyrene was found not to affect the LCST of PNIPAAM as
determined both by cloud point and microcalorimetric methods; 11/13 was
also found to have the same value (1.87 ± 0.03) whether in water or in
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aqueous PNIPAAM (0.40 mg/ml). Moreover, pyrene does not perturb
the CMCs of anionic surfactants as determined by surface tension
measurements [19].
Typical data for micelle formation in polymer-free solution are
illustrated in Figure 5.1. For the addition of each surfactant, 11/13 remains at
its surfactant-free value until the CMC, upon which it abruptly decreases to a
lower plateau value. Table 5.1 summarizes the CMCs calculated from the
inflection point of the curves; in general, we find excellent agreement with
literature values [20-22]. No micelles formed for the ethyl and methyl species:
11/13 never decreased below its aqueous value in their presence. The
observed CMCs were independent of temperature in the range of 20 - 40 °C as
expected [21].
Figure 5.2 shows that in solutions of 0.40 mg/ml PNIPAAM, the abrupt
drop in 11/13 is shifted to lower surfactant concentration, e.g., for SDS, from
7.1 to 0.79 mm. The decrease in microenvironmental polarity in this case is
attributed to the formation of polymer-bound micelles at a "critical aggregate
concentration" (CAC) some tenfold lower than the CMC. The lower 11/13
value that is observed in the concentration regime where only polymer-
attached micelles exist (0.79 - 7.1 mm) compared with that of SDS micelles
( > 7.1 mm in water alone) suggests the former species are more nonpolar.
This sharply contrasts with reports with polyethylene oxide) (PEO) and
polyvinyl pyrrolidone) (PVP) [17] where 11/13 in the presence of polymer
never is less than that of SDS micelles. We can rationalize such a minimum
in the 11/13 curve as a result of PNIPAAM's greater hydrophobicity, since it
possesses a lower aqueous LCST than either PEO or PVP [5]. Above the CMC,
11/13 averages out to the micellar value since pyrene is partitioned among all
environmental sites; the contribution of free micelles forming above the
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CMC soon outweighs that of attached ones. Goddard [7] has questioned the
validity of the pyrene technique on the basis of a PVP/SDS study [17] that did
not show this convergence in 11/13.
As the chain length (n) of the surfactant decreased, the gap between the
CAC and CMC narrows (Table 5.1). For n < 6, the CAC and CMC are
indistinguishable. The standard free energy relationship [23] (A G = - RT In
CAC/CMC) permits quantitative estimation of the extra free energy that
stabilizes the formation of polymer-surfactant complexes versus free micelles.
As shown in Table 5.1, the magnitude of this stabilization decreases from 1300
to 20 kcal/mol as the chain length is reduced from Cu to C6 . The role of the
surfactant chain length is demonstrated most strikingly by the behavior of
sodium n-hexadecyl sulfate (SHS, Figure 5.3). This surfactant has a Krafft
temperature [24-25] of 31 °C, below which the solubility is less than the CMC
(0.55 mM). Micellization is thus precluded. However as the decrease in 11/13
shown in Figure 5.3 indicates, polymer-bound micelles can form and
solubilize pyrene at 24.5 °C; in fact, 11/13 is depressed at 1CH M to an extent
that requires tenfold higher concentrations of SDS (Figure 5.2).
2. Relationship between CACs and the LCST
Table 5.1 also lists for each surfactant the concentration (CUp) [5] at which
the LCST of PNIPAAM increases above its surfactant-free value. The close
agreement between the values of CUp and the CAC, regardless of n, suggests
that it is the binding of micelles that causes elevation of the LCST. This can
be rationalized as a result of electrostatic repulsion between charged, polymer-
bound micelles, which should oppose polymer collapse and aggregation. At
n < 10, the concentration (Cmm) of the minimum in the LCST curve might
reflect more accurately the onset of micellar binding. Similarly, the initial
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drop in 11/13 rather than the inflection point, could be taken as the
aggregation concentration [18]. Simultaneously plotting the variation of ,1/13
and the LCST (Figure 5.4) affords the best support that the transitions are
consent for a given n. At the other end of the n-alky, spectrum, the methyl
and ethyl sodium sulfates can not form free micelles and PNIPAAM can not
induce their formation. With the butyl species, micelles appear to form at the
highest concentrations examined in polymer-free solution (Figure 5 1) but
mixtures of PNIPAAM and sodium n-butyl sulfate are turbid even upon
freezing at these and higher concentrations up to the surfactant's solubility
limit [5]. Therefore, even if they are formed, polymer-bound micelles are
unable to solubilize PNIPAAM under these conditions.
3, Modeling polvm..r.«„rf1ctant rnmr iov„;„n
Interestingly, our results show a single critical concentration and not two
as in most literature reports [7, 17]. Nagarajan has applied a multiple
equilibrium model [9-11, 15] to the description of polymer-surfactant
complexation. The model assumes competition between the formation of free
micelles of aggregation number m with an equilibrium constant Km and
binding of micelles of aggregation number g with equilibrium constant Kb to
z available polymer sites. All these values are assumed to be constant as the
polymer conformation changes; moreover, micelles are always maintained as
spherical. Nonetheless, this model serves as a guide to the cooperativity and
amoUt of binding under defined conditions. Our case for the longer n-alkyl
chains appears to correpond to Figure 4b from a paper by Nagarajan [9]: Kb is
greater than Km, and z is large enough such that free micelles form prior to
polymer saturation. Therefore we do not see the CMC, since micelles
continuously form above the CAC. Moreover, we do not see the saturation
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transition, since (free) micelles still form above this concentration. Thus from
the pyrene's perspective, above the CAC, there will always be an
environment for solubilization. That the LCST plateau concentrations [5] are
much higher than CAC/CMCs for surfactants for n > 5 is some evidence for
our reasoning that saturation does not occur until after free micelles form.
For added sodium n-pentyl and sodium n-butyl sulfate the CAC equals
the CMC. This situation is ambiguous as it can result from an absence of
polymer-surfactant interaction, monomeric surfactant binding, or cooperative
binding at or above the CMC [9]. Our pentyl system is clearly the last case as
the polymeric response is analogous to that of longer-tailed surfactants [5]
where binding clearly occurs. Pyrene is thus solubilized in both types of
micelles at the CAC. With added butyl amphiphiles, the first possibility
appears operative, since only "salting-out" was observed [5]. Thus pyrene is
solubilized in the free micelles at the apparent CAC. Nonetheless, the change
in precipitation behavior at a concentration two orders of magnitude lower
than the CAC with added SDS indicates that a minor contribution from
monomeric surfactant binding (which would show no CAC [9]) might also be
present; studies in other systems with techniques more sensitive to
monomeric activity give support to such contributions [7].
Nagarajan and Ruckenstein give this simple model physical meaning by
calculating the equilibrium constants directly from the free energy of
aggregation [11-15]:
Kj = exp (- A\i
{
Ik T) (Eq. 1)
The derivations they have published vary; for clarity, we more closely
followed Ruckenstein's most recent version [12]. The free energy change to
] 07
form micelles of size i in the absence of polymer is the sum of several
contributions:
AM| APhc/w + +<j(a-as ) -kT]n (1 -ap/a ) + A^ielectr <Eq- 2)
Wh6re A
^C/w = - ( 2-05 + 1.49n )k T
,
the free energy advantage when
transferring the tail of the surfactant of chain length n from water to a liquid
hydrocarbon medium.
= - ( 0.50 -0.24n )k T corrects for the constraining
of these tails since they are attached to polar headgroups "tied" to the micelle-
water interface. The third term accounts for residual contact between the
hydrocarbon core and water: a represents [13] the the hydrocarbon-water
interfacial tension of 50 dyne/cm, a is the unknown optimal area per
surfactant molecule at the micellar interface, and as is the area per surfactant
molecule shielded from water by the polar head group (which for sulfates [14]
is ap = 17A2, the polar headgroup area, since it is smaller than the cross-
sectional area of the hydrocarbon chain (ah= 21 A*)). The fourth term is due
to surface exclusion of the head groups caused by their finite size. The final
term is a Debye-Huckel approximation [14] for electrostatic repulsion between
the ionic head groups: it is a function of the sodium counterion radius, ai = 1
A
;
the separation distance between the core and charges, 5 = 2.3 A; the
aqueous dielectric constant, £ = 80; the micellar radius calculated from
assuming a spherical aggregate of m surfactants, r ; the degree of dissociation
of the head groups, 0 ; and the unknown monomeric surfactant
concentration, Ci.
108
Following Ruckenstein's approach, we apply the condition
d(A[L
i )/di = 0 fori = m (Eq. 3)
to Eq. 2 and iteratively solve the resulting equation for each surfactant system
through use of thermodynamic relationships and our experimental CMCs
[12], thereby obtaining (3 for each system.
Ruckenstein [12] attempts to incorporate greater physical meaning into
the model than Nagarajan does [11,14-15]. Ruckenstein suggests that the
polymer shields the hydrocarbon cores of the micelles from water, and
changes the third term of Eq. 2 (for the case where ap < ah ) to
(a - Aa) ( a- ap ) + ap Aap (Eq. 4)
where Aa and Aop are the changes in the interfacial tension between the
hydrocarbon core and water and between the headgroups and water,
respectively, caused by the presence of the polymer. Ruckenstein takes these
two parameters to be equal, thus simplifying the equation
o ( a- ap ) - a Ao + 2 ap Aa (Eq. 5)
and experimentally estimates Aa as the difference of the interfacial tension
between water and hydrocarbon, and the interfacial tension between aqueous
polymer solution and hydrocarbon. This thus represents the ability of
the polymer to cover the interface, thereby reducing the unfavorable
contact between water and hydrocarbon. We measured this parameter as
33 ± 2 dyn/cm using 0.40 mg/ml PNIPAAM (as was used in all our
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experiments) and hydrocarbons ranging from pentane to decane. This value
was independent of the hydrocarbon selected. It also did not vary over at least
an order of magnitude of PNIPAAM concentration more and less than 0.40
mg/ml; similar behavior was reported for PEO [12]. It is reasonable that Ao
should be than the value of 20 dyn/cm given for PEO [12] since PNIPAAM is
more hydrophobic [5] (lower LCST) and thus should be more surface active.
We substituted Eq. 5 into Eq. 2 and solved for the CAC, subject to Eq. 3
with i=g/ using the (3 calculated from the experimental CMC data [12]. Table
5.1 lists the resulting calculated CACs: they best agree with experimental
CACs for the longer alkyl chain lengths. Nagarajan observed a similar poor
fit with short hydrocarbon tails [14]. Our approach dictates that deficiencies
are in p or in Ao. Zana and coworkers measured an increase in the former
parameter upon adding PEO to SDS [26]. This might expect based upon
simple steric displacement; however, critical discussions [27-28] concluded
that the degree of head group association of a particular structure in solution
can not be unequivocally determined since each experimental technique
weighs the contributing species differently and defines a different interfacial
boundary. The interfacial tension parameter assumes a perfect water-
hydrocarbon interface in micelles, yet studies have shown that water
penetrates the core to several methylene groups [29]. The "wet" fraction
would obviously increase as n decreased: shorter hydrocarbons are not a good
model for this lower effective Ac since the interface is still assumed to be
sharp and not correctly diffuse. These corrections are both in the right
direction to fit the data for n< 8 more closely. Nonetheless, we conclude that
this model is qualitatively successful.
Ruckenstein hypothesizes that polymers with high Atf, which should be
a system independent parameter, should interact with quaternary
no
ammonium surfactants unlike PEO [12]. PNIPAAM is such a polymer and
our studies of PNIPAAM with such amphiphiles indeed clearly demonstrate
mutual interactions, experimentally and theoretically [30].
4, Studies with ofhor fluoresce p™w
Since pyrene is a "free" probe, its average location is being reported;
above the LCST, competitive pyrene solubilization by the precipitated
polymer might exist. Moreover, especially below the CAC, we do not know
where the surfactant is since it does not bind pyrene except in a micellar form.
The possibility of pyrene ejection from complexes above the LCST and CMC is
also possible and has been suggested to prevent unambiguous conclusions in
a polysoap-surfactant investigation [32].
Thus we are motivated test other probes. Another well-known free
polarity probe, 1-pyrenecarboxaldehyde, exhibits blue-shifted emission
maxima when solubilized at hydrophobic sites. Turro suggests [19] results
with this probe display closer agreement with those of surface tension
measurements than values obtained using pyrene. Our findings in Figure 5.5
using it do yield the "true" SDS of 8.0 mm in water, again using the
concentration of the abrupt blue shift as that of the transition. 1-Pyrene-
carboxaldehyde still reports the PNIPAAM/SDS complex as less polar than
free micelles between the CAC and CMC along with the "averaging" effect
seen with pyrene. However, the initial break point (1.2 mm) of the curve with
PNIPAAM present (Figure 5.5) is closer than the inflection point (2.0 mm) to
the CAC determined by pyrene (0.79 mm, Figure 5.2). As the two probes are
solubilized in different regions of the micelles [19], minor differences are
expected but insignificant.
Ill
1-Benzoylacetone exhibits keto-enol tautomerism [32]; as it is solubilized
m hydrophobic environments such as micelles, the equilibrium shifts toward
the enol form. Figure 5.6 illustrates that this probe shows an abrupt increase
in the UV absorbance of the enol-associated peak (313 nm) and an
accompanying drop in that of the keto peak (249 nm) with increasing addition
of SDS to their aqueous solution. These transitions occur at the CMC of SDS;
however, there is a negligible shift of the curves upon addition of PNIPAAM.
Therefore, 1-benzoylacetone does not appear to be solubilized in the polymer-
attached micelles detected by the fluorescent probes. This finding is
particularly interesting in view of previous studies that showed that
fluorosurfactants [33] and nonionic polyoxyethylene surfactants [34] are
unable to solubilize the enol form.
Finally, we chose the sodium salt of 2-(N-dodecylamino)naphthalene-6-
sulfonic acid (C12NS) as an optimum probe since its amphiphilic nature best
matches the structure of the sodium n-alkyl sulfates. The octadecyl analog
(ONS) had been applied as a polarity probe [35]; the decyl species (DNS) was
employed in energy transfer with a protein [36]. The emission spectrum blue
shifts with decreasing polarity: 0.63 uM solutions of C12NS in water, 50/50
water/ methanol, methanol, and ethanol exhibit respective values of 430,
421, 415, and 411 nm. Figure 5.7 displays transition curves with the
PNIPAAM/SDS system. The curves have similar shapes as those using
pyrene (Figure 5.2) as a probe although lower critical values (CAC of 0.67 mM
and a CMC of 7.1 mM) are observed. The concentration of C12NS (0.63 uM)
used in these experiments has no effect by itself on the LCST of PNIPAAM. At
higher concentrations of C12NS added to aqueous PNIPAAM alone, we
observe polymer-attached C12NS-micelle formation concurrent with an
increase in the LCST. These results are reported elsewhere as an example of
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mutual perturbation of cosolute transitions without any exogenous probes
[30]. We also employed polymer-bound pyrene as an alternate perspective to
measure CACs [30]; for the PNIPAAM-SDS system, the measured value
concurs well with those measured with free pyrene species.
E. Conclusions
Our studies have demonstrated the mutual interactions that occur upon
polymer-surfactant complexation in aqueous solution. We conclude that
upon adding a given sodium n-alkyl sulfate to a fixed amount of PNIPAAM,
the LCST will first be depressed since the "free salt" disturbs the hydrogen
bonding between polymer and water through modifying water structure. For
n < 4, micelles that can bind to PNIPAAM are not formed; therefore, the LCST
descreses monotonically. However at the detected CAC for n > 4, surfactant
micelles will form bound to the polymer; their electrostatic repulsion then
elevates the LCST above its initial value. Above the CMC, free micelles also
form. These oppose LCST elevation since their ionic strength can screen the
attached charges, causing chain collapse analogous to that with classical
polyelectrolytes. When the polymer becomes saturated with surfactant, the
screening effect prevails and a plateau in the LCST is followed by its
depression at higher concentrations. Such a simplistic model is possible
because concentrations are below those of surfactant mesomorphic transitions
[29]. This hydrophobic effect of enhanced surfactant association with longer
hydrocarbon chain surfactants can be explained through applying the theories
of Ruckenstein and Nagarajan [9 - 15]. Calculated CACs show some
correspondence to the measured transition values using several probes.
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CHAPTER VI
SOLUBILIZATION
OF
SODIUM 2-(N-DODECYLAMINO)NAPHTHALENE-6-SULFONATE
IN AQUEOUS SOLUTIONS OF
N-ISOPROPYLACRYLAMIDE POLYMERS
A. Abstract
Complexation in aqueous solution was investigated between the
amphiphilic sodium salt of 2-(N-dodecylamino)naphthalene-6-sulfonic acid
(C12NS) and nonionic poly(N-isopropylacrylamide) (PNIPAAM). The
surfactant possesses an intrinsic fluorophore spectrally sensitive to
environmental micropolarity; PNIPAAM exhibits a microcalorimetric
endotherm at a lower critical solution temperature (LCST). Variations in
concentrations, temperature, and polymer structure (through copolymer-
ization with N-hexadecylacrylamide (HDAM)) were employed to elucidate
the mutual perturbation of solubilities upon mixing the cosolutes.
PNIPAAM solutions were stabilized (as reflected by elevated LCSTs) when the
polymer induced blue shifts in the emission spectra of C12NS, interpreted as
indicative of surfactant aggregation along the polymer chain.
B. Introduction
The emission spectra of fluorescent probes in aqueous solution often
exhibit abrupt changes as nonpolar environments form and solubilize the
probes [1, 21 One can thus distinguish the formation of polymer-attached
nucelles above a critical aggregate concentration (CAC) of a surfactant from
the critical micellar concentration (CMC) by monitoring the shift in the
detected transition upon the addition of a fixed amount of polymer [3]
Previously, we applied [4] this technique to study such phenomena with
poly(N-isopropylacrylamide) (PNIPAAM, 0.40 mg/ml, 1 ) and surfactants
including sodium n-dodecyl sulfate (SDS). Polymer-attached micelles were
concluded to form above a CAC (0.79 mm, of SDS, approximately an order of
magnitude in concentration lower than its measured CMC (7.1 mm)
-f-CH-CH-f
n
c=o
NH (1)
CH3 CH3
At increasing SDS concentrations above this CAC, the lower critical
solution temperature (LCST) of PNIPAAM monotonically increased [4]:
PNIPAAM solubility was thus promoted by the complexation with SDS
micelles. The mutual interaction between the complexed species was thus
established.
The ability of several probes to detect the critical surfactant
concentrations was compared [4]: the sodium salt of 2-(N-dodecylamino)-
naphthalene-6-sulfonic acid (C12NS, 0.63 uM, 2 ) measured both a lower CMC
and CAC than did pyrene and 1-pyrenecarboxaldehyde.
This difference might be attributed to selective interaction of C12NS with
PNIPAAM as this probe is also amphiphilic However, neither the LCST of
PNIPAAM or the C12NS emission spectrum is perturbed at these
concentrations without SDS present. Thus either cooperative promotion of
micelles between SDS and C12NS or the solubilization of C12NS at a different
micellar site better explains this rather trivial result. Nonetheless, this work
lead us to attempt inducing an elevated PNIPAAM LCST at greater
concentrations of C12NS itself. Since C12NS is intrinsically fluorescent, this
affords us the unique opportunity to study the mutual perturbation of
characteristic transitions of two interacting, aqueous solutes without
exogenous probes.
We proceed by first demonstrating that aqueous PNIPAAM (0.40 mg/ml)
can bind C12NS in micellar environments that do not exist in solutions of
C12NS alone under the same conditions. Subsequently, microcalorimetry
examines solubility changes in PNIPAAM. The reciprocal experiment of
adding increasing amounts of polymer to a fixed concentration of C12NS
provides further evidence of mutual interactions. Finally, the validity of
C12NS as a probe of the PNIPAAM LCST will be discussed, supplemented and
elucidated by studies with PNIPAAM copolymers containing small amounts
of N-hexadecylacrylamide (HDAM).
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C Experimpntal
1. Materials
The synthesis and characterization of the polymer used in this work
have been previously reported [4, 5]. Methanol (HPLC Grade) was obtained
from Aldrich Chemical Co. Sodium azide (Fisher Scientific Co.) was
employed as a bactericide (0.10 w/v %) in stock polymer solutions. Molecular
Probes, Inc. was the source for the sodium salt of 2-(N-dodecylamino)-
naphthalene-6-sulfonic acid (C12NS). Distilled water used was analyzed
(Barnstead Co., Newton, MA) to contain 0.66 ppm total ionized solids (as
NaCl) and 0.17 ppm total organic carbon (as C).
2. Sample preparaHnn
PNIPAAM was studied at a concentration of 0.40 mg/ml. Stock
solutions of concentration 4.00 mg/ml were prepared through dissolution in
distilled water with 0.1 w/v % sodium azide for several days. Microliters of
stock solutions of C12NS in methanol were evaporated in sample vials after
which 0.20 ml of the stock polymer solution was added. Solutions were
diluted to 2.00 ml with distilled water to obtain the desired C12NS and
PNIPAAM concentrations. All samples were vortexed (Genie™, Fisher)
prior to spectral measurements.
3. Measurements
C12NS emission spectra were obtained with a Perkin-Elmer MPF-66
spectrophotometer exciting at 303 nm with 5 nm slit widths. Emission
maxima (^max) were measured to within ± 0.8 nm at 24.7 ± 0.3 °C, unless
otherwise indicated, by coupling the spectrophotometer with a Lauda RM-6
circulating bath. Temperatures were monitored by an Omega 450-ATH
thermistor. Calorimetric endotherms with transition temperatures accurate
to within ± 0.1°C were obtained using a Microcai, Inc. MC-1 differential
scanning microcalorimeter (DSC) at 15 °c/hr. Samples were degassed and
transferred to the sample cell with a calibrated syringe. Calibration was
achieved by supplying a precisely known current to the reference cell of the
calorimeter.
D. Results and Discussion
1. Emission spectra
C12NS exhibits a single broad emission maximum at ca. 430 nm in
aqueous solution (W, Figure 6.1) similar to that reported for the decyl analog
[6]. Table 6.1 displays the spectral sensitivity of C12NS to environmental
micropolariry: the emission maximum (Xmax) blue shifts in increasingly
nonpolar media, as reported previously for the octadecyl homolog [7].
We might expect C12NS to form micelles above a CMC since it is
amphiphilic. However, binary solutions of C12NS in water never exhibit the
blue-shifted emission spectra (Figure 6.2) observed when C12NS is solubilized
in SDS micelles (Table 6.1) [4]. At greater concentrations than those shown,
heterogeneous suspensions are obtained. The aqueous solubility of C12NS is
thus below its CMC: the surfactant at 24.5 °C is below the Krafft point [8].
However, the presence of 0.40 mg/ml PNIPAAM induces a blue shift at
ca. 20 uM C12NS (Figure 6.2); A,max levels off at ca. 424 nm at concentrations >
100 uM; Figure 6.1 displays this blue-shifted spectrum (P). We interpret this
shift as evidence for a nonpolar environment in polymer-attached C12NS
"micelles", and we suggest on the basis of the extent of the blue shift ( Xmax =
424 nm) that these micelles are slightly more polar than those observed with
the same concentration of PNIPAAM with SDS ( Xmax . 422 nm). PNIPAAM
was previously shown to induce the formation of a micellar environment in
sodium n-hexadecyl sulfate below its Krafft point [4J. A concentration of
100 uM C12NS yields ca. 60 surfactant monomers per polymer chain [9]: this is
only 3 attached micelles per polymer chain, assuming an agreggate size
similar to that in the polyethylene oxide)/SDS system [3]. However, our
other work suggests that different morphologies might form in PNIPAAM-
surfactant mixtures.
2. Microcalorimehy
Now that we have shown the direct change in the property of a species
upon interacting with PNIPAAM, microcalorimetry is applied to examine the
reciprocal effect on the polymer's solubility. This technique has been shown
to yield useful thermodynamic parameters [4 - 5]. Figure 6.3 illustrates that
the addition of C12NS perturbs the characteristic endotherm of PNIPAAM
(0.40 mg/ml) in aqueous solution. Figures 6.4 - 6.6 respectively plot changes in
the microcalorimetric LCST, transition width, and relative peak height. These
quantities are perturbed at the same C12NS concentrations where we observe
a spectral blue shift. This clearly demonstrates that the formation of bound
C12NS elevates the LCST. All these trends (Figure 6.4 - 6.6) are analogous to
those observed with PNIPAAM mixed with SDS; however, we have not had
to rely on exogenous probes such as pyrene.
3. PNIPAAM concentraHon
Just as we are able to induce a nonpolar environment by adding C12NS
to a fixed amount of polymer, the reciprocal experiment should also
demonstrate the transformation from a polar to nonpolar medium for
C12NS. We know that 100 uM C12NS is the minimum amount of surfactant
to form the most nonpolar structure with 0.40 mg/ml PNIPAAM. From our
illustrated titration (Figure 6.7), we see that only ca. 0.15 mg/ml of polymer
was required to obtain this environment. We could exhaustively generate the
phase diagram in both dimensions of concentration, but would simply like to
stress the mutuality present. The LCST results from the differing temperature
dependences of the contributions of hydrogen bonding and the hydrophobic
effect to the free energy [4]; conversely, the presence of a greater number of
nonpolar N-isopropyl groups in solution promotes C12NS aggregation by
cooperative formation of a micelle-like structure.
4. C12NS above the T CST
At 40 °C, aqueous solutions of C12NS alone still exhibit no blue shift at
concentrations up to the solubility limit; the surfactant remains below its
Krafft point and thus no micelles form (Figure 6.2). However with PNIPAAM
present, C12NS appears to be bound as micelles even at concentrations below
its CAC at 24.5 °C As we are above the LCST, this observed blue shift can be
explained as resulting from the greater surfactant solubilization potential of
the precipitated polymer-rich phase. Such a phenomenon has been applied to
selectively remove aqueous cosolutes [10]. Moreover, this resolves previous
ambiguities with the "free" pyrene probe [4]. Pyrene also partitions with the
precipitated polymer above the LCST [5], but since it is structurally dissimilar
to SDS, we could not establish the latter's location. As C12NS and SDS are
both amphiphiles, we can assert that all three species partition into the
polymer-rich phase above the LCST.
As the A,max of C12NS emission spectra differ above and below the
LCST of PNIPAAM for some concentrations (Figure 6.2), we can apply this
change to detect the LCST. Above 100 uM, the immediate microenvironment
of the induced C12NS micelle is not changed when the polymer precipitates.
However a much lower concentration (0.40 jiM) of C12NS only interacts with
the polymer in its collapsed form; therefore, it detects a transition
temperature in accord with DSC as illustrated (O, Figure 6.8). Between these
concentrations, we observed blue shifts in the spectrum slightly below the
LCST since there is a temperature-dependent mutual perturbation of the
polymer and surfactant environments. In this regime, we do not apply
C12NS as a probe such as in studying PNIPAAM/SDS interactions [4].
5. PNIPAAM-HDAM r0polvmers
Further understanding of the structure of C 12NS/PNIPAAM micelles
can be gained by studying fluorescence behavior with the polymers derived
from NIPAAM copolymerized with a small amount of HDAM. Our other
studies [5] demonstrated that the hydrophobic n-hexadecyl chains form their
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own micellar environment: the solubilization sites of various fluorescent
probes were determined from their sensitivity to the LCST of PNIPAAM in
these copolymers. Figure 6.9 replots results for PNIPAAM from Figure 6.1
with similar experimental data for two copolymers. At the lowest
concentrations of C12NS used, large blue shifts are present for both
copolymers not present for the homopolymer. The HDAM cores appear to be
able to solubilize C12NS in a very nonpolar environment; the copolymer
with 1.1 mol % HDAM logically has sites more shielded from water than the
0.4 mol % HDAM copolymer. At higher concentrations of C12NS, both
emission maxima red shift, ultimately leveling at the same value as for the
homopolyme, These observations can be rationalized from a multiple
bmding site model. First, C12NS soiubilizes in the HDAM micelles; however
the available sites become saturated and further addition leads to binding at
'
more polar sites surrounding these micelles. Finally, the critical
concentration is reached at which the more polar NIPAAM sites bind C12NS-
the reason why this one peak maximum is ultimately observed for all the
polymers is the greater number of C12NS molecules there dominates the
averaged spectral response.
We can similarly heat these copolymers and try to detect their LCSTs:
Figure 6.8 shows C12NS can only detect the LCST of the homopolymer; its
solubilization in the HDAM cores prevents observation with the copolymers.
This follows trends observed for using pyrene as a probe in these systems [5],
As discussed [5], the sample with the higher HDAM content (1.1 mol%)
exhibits intermixing between both monomeric units above the LCST. We
conclude that C12NS and pyrene are solubilized at similar sites in the
polymers.
E. Conclusions
Complementary parts of amphiphilic species can associate in aqueous
solution. We have shown that C12NS interacts with PNIPAAM above critical
concentrations of each species. This complexation was monitored by
observing the simultaneous abrupt changes in corresponding transitions of
the species at surfactant concentrations of 20 - 100 uM, the micropolarity-
sensitive emission spectrum of C12NS and the LCST of PNIPAAM.
Independent variation of concentration, temperature, and polymer structure
elucidates the phenomenon without the use of often criticized exogenous
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probes. Our approach can also serve as a means of validating techniques that
do use perturbing probes.
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Table 6.1. Micropolarity Scale for C12NS
Medium
^max (nm) a
Water 429.8
1 SDS(>8mM) 422.1
Methanol 411.8
DPPCb 411.4
Ethanol 409.2
n-Butanol 408.4
Emission maximum of C12NS (0.59 uM)
at 24.7 °C
1 mg/ml aqueous solution of
dipalmitoyl L- a
-phosphatidylcholine
multilamellar vesicles
Figure 6.1. Emission spectrum of C12M<; firm ,,\a\
solution (W) and aqueous P^AAmYp o 4n t / mna1ueous
Excitation wavelength = 303 nm
g/ml) at 24'7
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Figure 6.2. Concentration-dependent emission maxima of C12NS
(O) Water: 24.5 °C; (•) aqueous PNIPAAM (0.40 mg/ml): 24 5 0O
(+) Water: 40.0 °C; (x) aqueous PNIPAAM (0.40 mg/ml)- 40 0 °C
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Figure 6.4. LCSTs of aqueous PNIPAAM (0.40 mg/ml) with added
C12NS, obtained from the temperatures of maxima in A Cp from
peaks in Figure 6.3. The LCST = 32.4 ± 0.1 °C for C12NS-free
polymer solution.
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Figure 6.5. Transition widths of aqueous PNIPAAM (0.40 mg/ml)
endotherms of Figure 6.3 with added C12NS.
The transition width = 0.8 ± 0.1 °C for C12NS-free polymer solution.
[ C12NS ] (M)
Figure 6.6. Relative peak heights for aqueous PNIPAAM
(0.40 mg/ml) endotherms of Figure 6.3 with added C12NS.
A Cp = 13 ± 1 cal/gram-°C. for C12NS-free polymer solution.
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Figure 6.7. Emission maxima of C12NS (100 uM) at 24.7 °C as a
function of PNIPAAM concentration in aqueous solution.
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Figure 6.8. Temperature-dependent emission maxima of C12NS
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(A) PNIPAAM/HDAM 1.1 %. The emission maximum of C12NSalone m water is 429.8 ± 0.8 nm, independent of temperature
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Figure 6.9. Concentration-dependent emission maxima of C12NS
at 24.7 °C. in water (•) or in aqueous polymer (0.40 mg/ml)
solutions: (+) PNIPAAM, (O) PNIPAAM/HDAM (0.4 mol %),
() PNIPAAM/HDAM (1.1 mol %).
CHAPTER Vn
EFFECTS OF AMPHOPHILIC
MICROSTRUCTURE AND HEAD GROUP IDENTITY
UPON INTERACTIONS WITH
POLY(N-ISOPROPYLACRYLAMIDE)
IN AQUEOUS SOLUTION
A. Abstract
Interactions between poly(N-isopropylacrylamide) (PNIPAAM) and
amphiphiles of various structures were explored through measurements of
the LCST of the polymer and either the critical aggregate concentration (CAC)
or the vesicular phase transition. Solution microcalorimetry and cloud point
measurements were used to follow changes in polymer solubility.
Fluorescence techniques were used to detect CACs; microcalorimetry to
monitor bilayer transitions in vesicles. It was concluded that interactions
increased upon proceeding from zwitterionic to nonionic to cationic to
anionic headgroups, and by employing longer hydrocarbon tails. Anionic and
cationic amphiphiles elevated the LCST of PNIPAAM concurrent with a
perturbation of their own association state; in contrast, nonionic and
zwitterionic species exhibited no apparent change in their own transition as
they depressed the LCST. Species with sulfate or sulfonic based anionic head
groups appeared to show the strongest binding to PNIPAAM; therefore, the
above generalizations are true only for the particular functionalities
investigated. This same ranking seemed true whether the aggregates were
micelles or vesicles.
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B. Introduction
Previously, we reported on the interactions of a series of sodium n-alkyl
sulfates (of chain length n = 1 to 16) with poly(N-isopropylacrylamide)
(PNIPAAM) in aqueous solution [1 - 2]. We established that polymer-bound
micelles form above a critical aggregate concentration (CAC) for each
surfactant (n = 5 - 16) at a constant polymer concentration (0.40 mg/ml). This
CAC decreased relative to the corresponding critical micelle concentration
(CMC) for free micelles as the n-alkyl chain length increased. In turn, the
initial response usually observed upon adding increasing quantities of a
sodium n-alkyl sulfate to PNIPAAM (0.40 mg/ml) was a depression of the
lower critical solution temperature (LCST) of PNIPAAM [1]. The
unassociated surfactant acted analogously to salts: the incompatibility of both
solute's hydration spheres [3] lead to decreased PNIPAAM solubility. When
micelles were bound to PNIPAAM [2], the LCST increased. Qualitatively this
resulted from conversion of PNIPAAM into a polyelectrolyte [4]: attached
electrostatic charges repelled one another thereby retarding the thermal
driving force for increased polymer-polymer contacts. After reaching a
plateau value most probably associated with saturation, the LCST started to
decrease since the ionic strength of the free micelles formed above the CMC
could screen the bound charges and decrease chain expansion. Lower
concentrations of surfactants of longer n-alkyl chain lengths yielded greater
polymer solubilization, indicated by higher LCSTs.
However, most studies in the literature [4 - 6] suggest that interactions of
nonionic polymers with surfactants are greatly facilitated by the presence of
anionic headgroups like sulfates and are otherwise weak or nonexistent.
Occasional exceptions are cited [5 -6]; however, systematic investigations of
the role of head group identity upon interactions of a given nonionic
polymer with surfactants have not been performed. Therefore we are
motivated to extend our approach of monitoring both polymer solubility and
surfactant association to other systems. By also employing headgroups that
are cationic, zwitterionic, or nonionic, we can determine the relative
contribution of this half of the amphiphile to the overall binding affinity [7]
to PNIPAAM. In addition, we examine the influence of variations in
aggregate microstructure from micelles to vesicles to explore the
morphological generality of our results.
C Experimpnfral
1. Materials
The synthesis and characterization of the PNIPAAM sample used is
described elsewhere [1]: Mw = 440,000, Mn = 160,000, Mw / Mn = 2.8 (GPC,
THF, polystyrene standards). Dodecyltrimethylammonium bromide (DTAB),
pyrene, Triton X-100, benzene (Spectrophotometric Grade), methanol (HPLC
Grade), 1-pyrenecarboxaldehyde (pycho), hexadecyltrimethylammonium
bromide (CTAB), and 1-dodecanol were used as received from Aldrich
Chemical Company. Maleic anhydride (99%, briquettes) from Aldrich was
recrystallized from chloroform (Aldrich).
(l-Pyrenylundecyl)trimethylammonium iodide (30 uM) (C11PN+) and
S-fN^-dimethyKl-pyreneundecyDammoniumJpropanesulfonate, inner salt,
(ZwPy) were obtained from Molecular Probes, Inc. Dioctadecyldimethyl-
ammonium bromide (DODAB) was received from Eastman Kodak Company.
N-dodecyl-N,N-dimethyl-3-ammonio-l-propanesulfonate (Zwittergent® 3-
12) was obtained from CalBiochem® Corporation. Palmitoyl L- a -lyso-
phosphatidylcholine, dipalmitoyl L- a
-phosphatidylcholine (DPPC),
dipalmitoyl L- a
-phosphatidylglycerol (DPPG), and dipalmitoyl L- a -
phosphatide acid (DPPA) were used as received from Sigma Chemical
Company. Potassium thiocyanate (Certified ACS), toluene (HPLC Grade),
isopropanol, sodium bisulfite, Dowex 1-X8, and sulfuric acid were obtained
from Fisher Scientific Company.
2. Synthesis
3, DodecyUrimethylammoninm thiorvan^ (nrcrNn An aqueous
solution (300 ml) of 30.7 g (100 mmol) DTAB was passed through a warm
(ca. 30 °C) column packed with 229 g (1,000 meq) Dowex 1-X8. This packing
was previously ion-exchanged with an aqueous solution (3.2 1) of 1085 g
(11,160 mmol) potassium thiocyanate. The precipitate obtained upon cooling
was dissolved in methanol, and the solution was filtered. The methanol was
stripped, and the residue vacuum dried using copius amounts of benzene to
azeotrope off residual water. The yield was 15.9 g (53 %).
Anal. Calcd. for C„H34N2 S: C, 67.1; H, 12.0; N, 9.8; S, 11.2. Found: C, 67.2;
H,12.3; N,9.8; S, 11.1.
1?. Sodium didodecylsulfosuccinate (Snn<vS) Maleic anhydride (30 g, 309
mmol), 1-dodecanol (141 ml, 620 mmol), and several drops of sulfuric acid
were refluxed in 350 ml toluene for 4 hrs with the collection of ca. 5 ml (ca. 90
% of theory) water with a Dean Stark trap. The toluene was then removed on
the rotary evaporator. Several recrystallizations with hexane at this stage
appeared ineffective. Subsequently, 400 ml isopropanol and 61 g of sodium
bisulfite were added and the resulting emulsion was refluxed for 5 1/2 hrs.
The solids were filtered off, dissolved in hot methanol, and then filtered in
an attempt to remove inorganics. The filtrate was stripped, and vacuum-
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dried. Conversion appeared to be low by IR so this second step was repeated
with 64 g more of sodium bisulfite. After refluxing in 300 ml isopropanol for
5 hrs, the solids were isolated, and dissolved again in hot methanol. After
again isolating the filtrate, it was purified by dissolving in benzene, filtering
off the salt present, stripping, and vacuum drying. After another
recrystallization from methanol, the yield was 17%. The IR spectrum was
consistent with that previously reported [45]. Anal. Calcd for C28H53S07Na :
C, 60.4; H, 9.6; S, 5.7. Found: C, 59.7; H, 9.7; S, 5.6.
3. Sample PreparaHnn
PNEPAAM was studied at a concentration of 0.40 mg/ml. Stock
solutions of concentration 4.00 mg/ml were prepared through dissolution in
distilled water with 0.1 w/v % sodium azide for several days. Aliquots (0.20
ml) of this polymer solution were diluted to 2.00 ml with distilled water or
surfactant stock solutions. The surfactant solutions were usually prepared by
addition of known volumes of water to weighed amounts of surfactant.
Concentrations are thus millimolal (mm) which are equivalent to
millimolar (mM) at lower concentrations. Samples that precipitated at room
temperature were refrigerated for several hours to allow for redissolution.
DODAB and phospholipid (DPPC, DPPG, or DPPA) vesicles were
prepared by heating and vortexing aqueous suspensions above their phase
transition temperatures for ca. 5 minutes. They were mixed with polymer
stock after allowing them to cool to room temperature.
Where pyrene or pycho were used as probes, microliters of a millimolar
acetone solution were added to sample vials with subsequent evaporation of
acetone prior to adding the polymer solution. This deposited enough probe
for ca. 1 uM aqueous solution. C11PN+ (30 |iM) was incorporated into
samp.es by adding 1.8 ml of a 33m aqueous solution to weighed amounts of
DTAB followed by 0.20 ml PNIPAAM stock solution. Preliminary samples
with ZwPy were prepared in a similar manner. All samples were vortexed
(GenieTM, Fisher) prior t£) spectral measuremems
4. Measurements
Cloud point and microcalorimetric measurements were done as
previously described 01 Pyrene and pycho emission spectra were obtained
with a Perkin-Elmer MPF-66 fluorescence spectrophotometer exciting
respectively at 337 and 365.5 nm with 3 and 5 nm slit widths. For C11PN+
and ZwPy, excitation was at 340 nm with 3 nm slits widths. All
measurements were done at 24.5 ± 0.5 °C unless indicated. Calculations
done using the TK Solver® package on a Macintosh® SE computer.
were
D. Results and Dismssinn
1. Cationic amphiphllpg
at Dodecyltrimethvlammonnim brnmidp
f
rvrAm The initial addition
of dodecyltrimethylammonium bromide (DTAB) to 0.40 mg/ml aqueous
PNIPAAM appears to result in a similar phenomenon as with added sodium
n-alkyl sulfates: Figure 7.1 plots concurring cloud point and microcalorimetric
.transitions displaying an initial decrease of the LCST of PNIPAAM followed
by an elevation to a plateau value. However, after staying at a plateau value
(34.4 °C) for an order of magnitude of concentration of DTAB (ca. 40 - 400
mm), the LCST exhibited a second and continuous rise with further added
surfactant instead of the gradual decrease observed with the sodium n-alkyl
sulfates [1J. Moreover, the elevation of the LCST on a concentration basis
over the range examined was less efficient than that of added sodium n-
pentyl sulfate [1]. This is in accord with the generalization that anionic
surfactants interact with polymer solutions more than cationic species do [4 -
5 ]- Finally, as Figure 7.2 illustrates, the microcalorimetric endotherms did
not broaden with added DTAB as with added sodium n-alkyl sulfates [1] but
narrowed slightly with a decrease in relative peak height.
To understand these observations, we examined the effect of
PNIPAAM upon DTAB micellization. Figure 7.3 reports measurement of the
DTAB CMC and CAC using the pyrene probe method previously applied [2];
just within experimental error, we could assign a CAC of 13 mM slightly
below the CMC of 15 mM for the polymer-free control. Not only did the latter
agree with literature values [8], but we were also able to measure identical
transition values using (l-pyrenylundecyl)trimethylammonium iodide
(30 uM, C11PN+) as the probe. In this case, we observed the abrupt
dissociation of excimers that occurs upon solubilization in free or bound
DTAB micelles by monitoring the sharp increase in IM /IE , the ratio of
intensities of monomer and excimer associated peaks of the C12N+ emission
spectrum [9].
Apparently, the same mechanism of polymer-surfactant interaction
operates over these concentrations for the cationic species as for anionic
surfactants, albeit, mutual solubilization reflected by an increased LCST and a
decreased CAC relative to the CMC is far less effective than with an anionic
surfactant of the same length hydrocarbon chain. Nonetheless, the excellent
agreement between the measured CAC for DTAB and the concentration at
which the LCST is elevated ( also ca. 13 mm, Figure 7.1, inset) supports our
contention that the binding of micelles to PNIPAAM is the cause of the
increased polymer solubility. Indeed, we applied our adaptation [2] of the
Nagarajan-Ruckenstein model [10, 11] for nonionic polymer-surfactant
complexation to predict the CAC of the DTAB /PNIPAAM system using the
measured CMC and the Aa parameter [11]. This parameter estimates the
abxlity of the polymer to promote the formation of micelles as the amount of
decrease in the interfacial tension between water and a hydrocarbon upon
adding polymer to the aqueous layer. The Aa parameter [11] for PNIPAAM [2]
was measured as 33 dyn/cm. Our calculations were quite successful [5] in
predicting the CAC of PNIPAAM/sodium n-alkyl sulfate systems for the
longer n-alkyl chains. Ac is supposed to be "universal", i.e., independent of
the surfactant involved for a given polymer. Our predictions for the DTAB
system using this same Aa succeeded in predicting the observed CAC within
experimental error, thus providing further verification of the model.
What occurs at higher concentrations must then violate assumptions of
the model. For the sodium n-alkyl sulfates, all experiments were done at
concentrations below that of mesophase transitions [12]: the surfactant was
present only as monomer and spherical micelles as the model assumes.
However, quaternary ammonium surfactants are known to exhibit sphere-to-
rod micellar transitions at relatively low concentrations [13 - 16]; as will be
discussed below, reliable data is available for CTAB solutions. Thus,
PNIPAAM solutions might more stabilized when associated with such a
rodlike aggregate. The absence of an abrupt change in the observed
fluorescence properties simply means the local environment is unchanged at
least for the free probe. Unfortunately, our polydisperse polymer would
certainly complicate scattering experiments typically done to examine rodlike
micelles [16], and no reliable data could be located in the literature reporting
such a transition. We attempted to resolve this dilemma as follows through
structural variations of both counterion and n-alkyl chain length.
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hi-B^Mli^^ Upon observing
negligible complexation of nonionic polymers with cationic surfactants early
workers [3, 17 - 18] demonstrated that exchanging halide counterions for
thiocyanate could induce surfactant binding. These observations were
rationalized as resulting from thiocyanate's very high ranking in the
Hofmeister series as a "water-structure breaker" [19]; its classification as a
chaotropic species [20] means it can "liberate" water to be available for
reconfinement through the hydrophobic effect [6]. Therefore, we ion-
exchanged DTAB to dodecyltrimethylammonium thiocyanate (DTSCN) to
investigate this novel effect, further motivated by the anomalous behavior of
PNIPAAM with sodium thiocyanate [21].
Once again, the LCST of PNIPAAM passed first through a minimum
(Figure 7.4). The concentration of this minimum concurs with the measured
value for the DTSCN CAC and CMC; the pyrene method determined both
were equal to ca. 4.5 mm. The depressed value relative to DTAB for the CMC
results from a higher degree of counterion binding to the headgroups as has
been experimentally determined by other workers [22]. However, in sharp
contrast to all previous systems studied, the LCST then further decreased
through a second, deeper local minimum as more DTSCN was added (> ca. 40
mm) before it rose (at ca. 400 mm) and "caught up" with the DTAB curve.
Concomitant with this second LCST depression, we observed a sudden
broadening in the microcalorimetric endotherms (Figure 7.5) and viscoelastic
recoiling of air bubbles induced in the solutions [23 - 25]
Saito [17] has rationalized why an LCST depression first occurs before its
elevation in polyvinyl alcohol-co-vinyl acetate) polymers with added
cationic surfactants possessing thiocyanate counterions: initial concurrent
binding of ion pairs leads to intramolecular neutral crosslinks via the alkyl
152
groups and collapses the polymer chain. At higher concentrations of
amphiphile, preferential binding of associated alkyl cations alone then
expands the polymer chain through charge repulsion. Our previous
observations allow us to examine such a hypothesis: the increase in the
width of the transition (Figure 7.5) which does not occur with added DTAB
(Figure 7.2) parallels trends we observed [21] in the effects on the LCST of
PNIPAAM of sodium bromide and sodium thiocyanate. Such generality
clearly stresses the importance of the anion in the interaction; the source of
the endothermic broadening can then be traced to the presence of thiocyanate.
Significant increases in viscosity were also observed with Saito's [17]
polymer-surfactant systems containing thiocyanate counterions relative to
other solutions, but their significance was not elucidated. Such viscoelastic
surfactant solutions have however been explored in great depth as reviewed
by Hoffmann [25]. Using electron microscopy [24], static and dynamic light
scattering [26], rheology [27], and NMR [28], it has been concluded that
counterions that bind more strongly to the micellar interface permit the
surfactant headgroups to pack more tightly. The decreased interfacial area
allows the macroscopic formation of rodlike micelles, which with increasing
concentrations can entangle and form three-dimensional networks of worm-
like micelles [25]. Although simple observation of recoil of air bubbles
introduced by swirling the solution is only qualitative [23 - 25], it has been
found to be more reliable and reproducible than Ostwald type viscometry [24].
We could not detect any particular difference in the viscoelasticity of DTSCN
solutions upon addition of PNIPAAM, but the agreement of the
concentrations at which the second depression of the LCST and viscoelastic
recoiling of air bubbles occur suggests that the phenomena are not unrelated.
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^-&t3dMm£^^ Extensive studies have
shown that CTAB forms small globular micelles at its CMC (0.92 mM [8])
which undergo a transition to rods at ca. 250 mM, depending upon the
temperature and technique used [14 - 15). Sure enough, using our pyrene
probe approach [2], we measured a CMC of 0.9 mM and CAC of 0.2 mM (0 40
mg/ml added PNIPAAM) at 24.5 °C. Shapes of the curves resembled previous
plots for the PNTPAAM/SDS system [2]. The greater depression of the CAC
relative to the CMC for CTAB versus for DTAB results from the hydrophobic
effect; that this occurs whether the head group is anionic or cationic supports
the generality of our conclusions [2]. We also used 1-pyrenecarboxaldehyde
(pycho) as a probe as was also done successfully with the PNIPAAM/SDS
system. Through blue shifts in its emission maximum upon being solubilized
in micellar environments, pycho yielded similar values for the critical
micellar concentrations as determined by pyrene. We were also able to
accurately predict the CAC of the CTAB system by the approach discussed
with DTAB above and described elsewhere in detail [2],
If the hydrophobic effect is indeed mutual in its stabilizing influence, a
greater elevation of the LCST should be seen with CTAB than with DTAB at
lower surfactant concentrations. As Figure 7.6 illustrates, a very slight
depression in the LCST of PNIPAAM is detected at ca. 0.2 mM in concurrence
with our qualitative model. However, as with the addition of SDS [1], the
optical density of the solutions above the LCST dramatically decreased; the
titration curve in Figure 7.7 displays an abrupt drop at 0.2 mM, the CAC. This
suggests there is no monomeric surfactant interaction as there is with SDS
which exhibits this transition at an order of magnitude below the CAC [1 - 2].
As with the anionic system, we can apply more sensitive 90° scattering [1]
to detect the precipitation of these small aggregates. However, just above 1
mM, not only did this technique not show a scattering increase but the
endotherms for the LCST were too broad to observe (Figure 7.8). We have
observed a similar disappearance of the transition with adding anionic
fluorosurfactants [29] and polar solvents [30] to aqueous PNIPAAM. Lindman
has observed a similar phase diagram as our PNIPAAM/CTAB system for the
LCST of ethyl(hydroxyethyl)cellulose (EHEC) in the presence of CTAB [31]. A
very abrupt increase (above the boiling point) in the LCST of EHEC is
observed after the addition of small amounts of CTAB; however, we must be
cautious as different methods were applied to detect cloud points in this
system.
d. DioctadecYldimethylammonium hrnmiH, (ppnAm Vesicles offer
the ability to determine the effects of microstructural variations upon
interactions with PNIPAAM relative to those in micellar systems.
Dioctadecyldimethylammonium bromide (DODAB) forms multilamellar
bilayer vesicles [32 - 33] upon hydration. The presence of the second tail
induces this change in aggregate structure, yet close chemical similarity still
exists with CTAB and DTAB. The hydrocarbon tails exhibit an endothermic
gel-to-liquid crystal phase transition [34] (Figure 7.9, Table 7.1) observable by
microcalorimetry; therefore, side-by-side examination of thermodynamic
transitions in the polymer and in the surfactant is possible upon mixing with
PNIPAAM. The absolute concentrations were chosen (PNIPAAM: 1.80
mg/ml; DODAB: 4.0 mg/ml (6.3 mM)) to yield endotherms of comparable
size. It is clear that each species is sensitive to the other (Figure 7.9, Table 7.1).
The LCST is not elevated but the transition is broadened. The effect of
DODAB, based upon concentration, on the LCST of PNIPAAM appears to lie
between that of DTAB and CTAB; shielding the hydrocarbon tails in a bilayer
appears to be preferential to a mixed aggregate. We are three orders of
magnitude above the CMC (ca. 5 uM) of DODAB ,32 ni
'
UUU ^ 33], so any interaction
promoted is certainly weak.
The vesicle transition shows a high temperature overlapping second
peak induced by PNIPAAM. At the concentrations and stoichiometry chosen
conversion to the higher-melting phase is incomplete. In contrast, optical
density measurements are ambiguous (Figure 7.10), since precipitated
PNIPAAM aggregates settle by the time the vesicle transition is reached. The
LCST transition appears to be broader in DODAB suspensions than in water.
2. Zwitterionir amphiphilps
a.Zwittergent®.VP Solubilization of proteins by surfactants in the
family of N-dodeCyl-N,N-dimethyl-3-ammonio-l-propaneSulfonate
(Zwittergent® 3-12) has been concluded to cause less denaturation of the
protein structure than treatment with anionic amphiphiles [35 - 36].
Considering the many attempts to draw analogies between synthetic and
natural polymer solution behavior, we were motivated to examine the effect
of Zwittergent® 3-12 on the LCST of PNIPAAM. In sharp contrast to all
preceding studies with C12-tailed amphiphiles, a monotonic depression of the
LCST was observed (Figure 7.11) over the concentration range examined with
no maxima, minima, or even inflection points present near the CAC of 2.8
mM, which was measured by the pyrene method to be equal to the CMC [8,
37]. The turbidimetric and microcalorimetric methods diverged more than in
the other systems; sensitivity of the former to aggregate size is certainly a
factor. The competitive equilibria model of Nagarajan [38] calculates that the
CMC can equal the CAC in three situations: no interaction, monomeric
surfactant binding, or cooperative binding at or above the CMC. Since we
observe no sudden change in the stabilization of PNIPAAM solutions, we
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tend to believe the first or second proposition. This is supported by similarity
of changes in microcalorimetric endotherms (Figure 7.12) with our results for
sodium n-butyl sulfate [1 - 2], which was concluded not to bind PNIPAAM.
We also measured the fluorescence spectra of a Zwittergent®-like
surfactant (ZwPy, possesses a terminal pyrene moiety attached to the
hydrocarbon tail) in Zwittergent® 3-12 solutions with and without PNIPAAM
(0.40 mg/ml). No difference in the observed intensities and fine structure of
the spectra were observed between the two types of solutions; this supports
the absence of any difference between the micelles formed in the presence of
PNIPAAM compared with those formed in binary aqueous solution. In sharp
contrast, calculations using an adaptation [2] of the Ruckenstein-Nagarajan
model for such dipolar surfactants incorrectly predict a lowered CAC in the
presence of the polymer. We followed our usual procedure in using the
observed CMC to calculate % the degree of dissociation of the micellar
headgropus. We then used the modified equations employing the Ao of
PNIPAAM to determine the CAC. However, this CAC was less than the CMC;
whereas, our experiments measure the quantities as equal using free pyrene.
Nagarajan [10, 39] has explained such failures as due to the inability of his
model to account for the environmental change of the polar headgroups
from an aqueous interface to one containing polymer as well. In systems
such as this one, this term he currently is attempting to define would cancel
out the favorable driving forces. The orientation of the dipoles and their
screening by the effective dielectric constant of their local environment
clearly play a key role in determining if the addition of polymer would create
an incompatible environment upon binding. We stress that our findings are
not unequivocal with Zwittergent®
. Experiments entailing the use of
polymer-bound pyrene [40] have been done to elucidate whether the
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depression of the LCST is of a cooperative nature due to weak binding or
simply due to an overall change in the quality of the solvent. Experiments
point toward the latter situation, but even use of polymer-bound pyrene
could not distinguish monomeric surfactant binding from a change in
solvent quality that did not involve such preferential solvation.
b.LysoPCand DPPC
.
No elevation of the LCST of PNIPAAM occurs in
the presence of palmitoyl L- a
-^phosphatidylcholine, a natural
zwitterionic single-chained surfactant, at concentrations greater than three
orders of magnitude above its CMC (7 ^M) [41]. The double-tailed analog,
dipalmitoyl L- a
-phosphatidylcholine (DPPC) forms multilamellar bilayer
vesicles upon hydration [41]. We therefore also explored its interaction with
PNIPAAM, since one can observe the reciprocal effect of PNIPAAM upon the
DPPC phase transition. From Figure 7.13, we can conclude that no interaction
exists between these cosolutes since the phase transitions are additive upon
mixing. If these results are independent of morphology, we could then
conclude that zwitterionic amphiphiles show no interaction with PNIPAAM,
especially since we are six orders of magnitude above the CMC of DPPC.
3. Nonionic amphiphiles
a. Triton® X-100. Figure 7.14 illustrates that adding a nonionic
surfactant, Triton X-100, also resulted in the depression of the LCST of
PNIPAAM as with zwitterionic amphiphiles: Although the CMC (0.15 mM)
was not depressed in the presence of polymer, calculations [2, 10] predict a
higher CAC of 1.8 mM. This latter transition would go undetected by the
pyrene technique; free micelles would solubilize the probe first. However,
we would still expect to see an inflection of the LCST near this concentration.
Absence of this effect perhaps can be explained as resulting from the large size
in
of the headgroups, but the compatibility of PNEPAAM and the polyethylene
oxide head groups is another factor the model fails to treat [41]. At higher
concentrations, viscous solutions are observed due to intermicellar
interactions.
"Salting out" appears to be a consequence of a gradual change
the aqueous medium but again is ambiguous. If micelles bind at
concentrations greater than the CMC as predicted, we might expect to
observe a discontinuous change in the fluorescence response of polymer
bound pyrene as opposed to a continuous change in systems where there is
monomelic or no surfactant binding as with zwitterionic species.
Preliminary results support this last hypothesis [40].
4. Anionic amphiphilpg
a. Sodium didodecylsulfosticrinate rsnnss) We have observed that
zwitterionic micelles and vesicles depress the LCST and that the CMCs or
phase transitions are unaffected by PNIPAAM. Cationic micelles and vesicles
bind to PNIPAAM with a tendency to elevate the LCST. Given the greatest
stabilization of PNIPAAM solutions by anionic surfactants, we decided to test
the proposition that anionic vesicles would exhibit the strongest interactions
with PNIPAAM. We thus synthesized sodium didodecylsulfosuccinate
(SDDSS) as a two tailed analog with the knowledge that micelles of the
2-ethylhexyl analog, AOT [42], cooperatively bind to and raise the LCST of
PNIPAAM.
We followed the synthesis of Kunitake [43] but substituted the alcohol
for the bromide since use of the latter did not yield any product and nor
should it mechanistically. Our product had a much better elemental analysis
than reported [43], perhaps reflective of a much more extensive drying.
Upon adding it to solutions of PNIPAAM, we discovered that only 50 uM
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SDDSS raised the LCST to 33 °C and broadened the transition width to!4°C
(Figure 7,5). At this low concentration, we are unable to observe the bilayer
transition. At higher concentrations where one can detect this latter
endotherm, results are ambiguous. The polymer transition appears to be too
broad to observe and the vesicle transition is rather irreproducible: its strong
dependence on the thermal history of the sample has been reported [34).
Therefore although interactions are dearly strongest in anionic systems
regardless of microstructure, for the system we tried, they are too strong to
study within our instrumental limitations.
We attempted to study interactions of PNIPAAM with natural
phospholipids containing anionic headgroups. Preliminary results [42] with a
phosphatide acid and a phosphatidylglycerol agreed with results using DPPC,
that is, an absence of interactions, thereby suggesting that specific interactions
with sulfate and sulfonic acid may be important.
E. Conclusions
Some generality of behavior in nonionic polymer-amphiphile systems
has been verified by systematic investigation of the properties of both species
upon mixing. We observe the same trend seen with other nonionic
polymers [4]; interactions increase as one proceeds from zwitterionic to
nonionic to cationic to anionic headgroups, and as one increases the length
of the hydrocarbon tail. Anionic and cationic amphiphiles tend to elevate the
LCST of PNIPAAM concurrent with a perturbation of their own association
state; in contrast, nonionic and zwitterionic species depress the LCST with no
apparent change in their own transition. Species with sulfate and sulfonic
acid (anionic) head groups appear to show the strongest binding to
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PNIPAAM; therefore, we must take caution in generalizing, and apply the
ranking only to those functionalities studied. This same ranking appears to
hold true whether the aggregates are micelles or vesicles in terms of the
mutual perturbations present in their system, although sphere-to-rod
micellar transitions may influence the properties of quaternary ammonium
systems. Further experiments applying polymer-bound pyrene provide [40]
additional understanding of the phenomenon in systems where the CMC
equals the CAC. Such knowledge will certainly aid the design of complex
systems utilizing PNIPAAM and will aid in the theoretical prediction of
properties of such systems.
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Interactions between DODAB and PNIPAAM.
Sample Polymer (1.8 mg/ml)
LCST(°C)a ATi/2 (°C)b
Vesicle (4.0 mg/ml)
Tm (°C)c ATi /-> (°C)d
PNIPAAM
DODAB
32.5 ±0.1 0.9 ±0.1
42.5 ± 0.5 1.2 ±0.0
MIXTURE 32.4 ±0.1 1.2 ±0.0 42.9 ± 0.1
44.3 ± 0.5
3.7 ±0.5
temperature of maximum in ACp of microcalorimetric endotherm
for PNIPAAM.
transition width of LCST-associated endotherm of PNIPAAM.
c
temperature of maximum in ACp of microcalorimetric endotherm
for DODAB.
transition width of bilayer-assodated endotherm of DODAB.
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CHAPTER Vm
COMPLEXATION OF A HYDROCARBON POLYMER WITH
FLUOROCARBON SURFACTANTS
IN
AQUEOUS SOLUTION
A. Absh-^t
Interaction of poly(N-isopropylacrylamide) (PNIPAAM) with two
perfluorinated carboxylic acids was explored in aqueous solution. Increasing
concentrations of perfluorooctanoic acid (PFOA) were observed first to
depress slightly the lower critical solution temperature (LCST) of aqueous
PNIPAAM then to elevate it at concentrations greater than ca. 2.5 mM.
However, at higher concentrations (> ca. 3.5 mM), the transition could not be
detected by either microcalorimetry or cloud point measurements. PNIPAAM
appeared to promote the micellization of PFOA. Pinacyanol dye experiments
were ambiguous, yet surface tensions were clearly depressed upon the
addition of PNIPAAM. Adding heptafluorobutyric acid (HFBA) to PNIPAAM
resulted in an even more abrupt transition in the LCST, similar to
cononsolvent effects previously observed.
B. Introduction
A driving force for the association of amphiphilic molecules in aqueous
solution is the hydrophobic effect [1]: segregation of "tails" antipathetic to
water occurs in cores of microheterogeneous aggregates shielded and
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supported in solution by surface polar groups. These head groups can be
amomc, cationic, nonionic, or zwitterionic; tails have been predominantly
hydrocarbon, but fluorocarbon moieties have also been employed [2 - 8] As
perfluoroalkanes possess lower water solubility than hydrocarbons,
perfluorinated surfactants exhibit critical micellar concentrations (CMCs)
often orders of magnitude lower than those of hydrocarbon analogs with an
equivalent number of carbons in their tails. Fluorocarbon species also attain
lower plateau surface tensions than hydrocarbon amphiphiles [2-3].
Interestingly, the greater surface activity of fluorocarbon versus
hydrocarbon species results in partially fluorinated amphiphiles exhibiting
anomalous behavior [3]; nonideality upon mixing fluorocarbon and
hydrocarbon surfactant solutions has also been observed [4 - 9]. This has been
explained as a consequence of the immiscibility of these two hydrophobes as
has been concluded through measurements of mixtures of the two species as
pure liquids [3] as well as in the crystalline state [9]. Detection of two separated
CMCs by conductance [4], and NMR [5] for mixtures of hydrocarbon and
fluorocarbon surfactants has been interpreted in terms of the existence of
heterogeneous micelles consisting of one kind rich and the other poor in the
fluorocarbon component [4 - 5]. Evidence for phase separation has also been
observed in bilayer membranes composed of both fluorocarbon and
hydrocarbon amphiphile tails [10 - 11] on the basis of phase transition
temperatures. This perspective of the phenomenon is analogous to observing
two glass transition temperatures in immiscible polymer blends [12].
The mutual repulsion of fluorocarbons and hydrocarbons results from
differences in van der Waals forces: self-interactions between species are
preferrable over those between different species [5, 13]. These interactions are
rather weak; Brady [14] takes advantage of the lack of permanent dipoles to
attempt to construct »prim i tive surfactant micelles" of semifluorinated
hydrocarbons in perfluorinated solvents. He claims this is the first evidence
of mtcellization by nonpolar low molecular weight molecules in contrast to
the vast work on microphase separation in block copolymers such as of
styrene and butadiene.
However, many issues remain unresolved in mixed fluorocarbon-
hydrocarbon systems. Ambiguities and contradictory results [5 - 8, 15] exist
with traditional fluorescent probe methods which typically use hydrocarbon
fluorophores with very low solubilities in fluorocarbon media. Some studies
that rely on the resulting lower solubility of probes in mixtures have been
reported, but these are inherently inconclusive [5, 16]. Variation in reported
CMCs for perfluorinated surfactants is rather large and particularly sensitive
to the technique applied [17].
We have focused on the interaction between amphiphiles and the
nonionic polymer poly( N-isopropylacrylamide) (PNIPAAM) [18]. We have
systematically investigated changes in the lower critical solution temperature
(LCST) of the polymer and corresponding influences on critical aggregate
concentrations (CACs) of the surfactants. We are motivated to extend this
work to include perfluorinated surfactants. An early investigation reported
[19] that added perfluorooctanoic acid increases the reduced viscosity of
poly(methacrylic acid) and not that of poly(acrylic acid). This suggests
favorable interactions may exist between fluorocarbon and hydrocarbon
species under certain conditions in aqueous media. Essentially there are
pairwise repulsive forces between all three components: water, and
fluorocarbon and hydrocarbon tails of amphiphiles. In copolymer blends,
miscibility sometimes is observed in the absence of favorable interactions,
because the mutual repulsion of two units from a third outweighs their own
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painvise incompatibility [20 - 21,. Hence we might hypothesize that the weak
repulsion between a hydrocarbon polymer and a fluorocarbon surfactant
ought be overcome by their mutual hydrophobicity. We therefore compare
the nature of the complexion of PNIPAAM with perfluorooctanoic acid
(PFOA) [22- 23] and heptafluorobutyric acid (HPFA) [16, 24-25] in aqueous
solution to our previous investigations.
C Experimental
L Materials
The synthesis and characterization of the poly(N-isopropylacrylamide)
(PNIPAAM) sampleused in this study has been previously described in detail
[18]: Mw = 440,000, Mn = 160,000, Mw / Mn = 2.8 (GPC, polystyrene
standards). Perfluorooctanoic acid (PFOA) was obtained from Alfa Products.
Heptafluorobutyric acid (HFBA) and pinacyanol chloride were used as
received from Aldrich Chemical Company. Distilled water was analyzed
(Barnstead Co., Newton, MA) to contain 0.66 ppm total ionized solids (as
NaCl) and 0.17 ppm total organic carbon (as C).
2. Sample preparation
PNIPAAM was studied at a concentration of 0.40 mg/ml. Stock solutions
of concentration 4.00 mg/ml were prepared through dissolution in distilled
water with 0.1 w/v % sodium azide for several days. Aliquots (0.20 ml) of I
this polymer solution were diluted to 2.00 ml with distilled water or
surfactant stock solutions. The surfactant solutions were prepared
volumetrically in distilled water or in a 10 uM aqueous solution of
pinacyanol chloride. Insoluble samples (involving added HFBA) were placed
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in a freezer (ca.
-to °C). The order of addition of solutions was consistent-
additions distilled water, if needed, was added to the aqueous polymer
solution before adding any surfactant.
3. Measurements
Application of cloud point and microcalorimetric (DSC) methods for
measuring the LCST of PNIPAAM have been previously described in detail
[18]. UV-Vis spectra (300 - 700 nm, 27.4 ± 0.2 °C) for solutions containing
pinacyanol chloride were obtained with a Beckman DU-7 spectrophotometer.
Surface tensions were measured by the Wilhelmy plate method with a
Rosano® surface tensiometer (Biolar Corporation) and by the du Nouy ring
method with a Fisher Model 21 Tensiomat using 50 ml solutions in water-
jacketed beakers at 28.5 ± 0.1 °C. Temperature control for cloud points,
spectroscopy and surface tensiometry was achieved by coupling instruments
to a Lauda RM-6 circulating bath, monitoring solutions directly with an
Omega 450-ATH thermistor thermometer.
D. Results and Discussion
1. Solution behavior of PNTPAAM with ^Hpd perfluornnr.anmV
Above its LCST, poly(N-isopropylacrylamide) (PNIPAAM) no longer
prefers polymer-water hydrogen bonds over contacts between its own units;
therefore, chains collapse and aggregate [18, 26]. We have monitored this
endothermic transition through solution microcalorimetry and the
accompanying precipitation through cloud point measurements.
a. Microcalorimetry, Figure 8.1 illustrates extensive peak broadening of
the LCST-associated endotherm of PNIPAAM (0.40 mg/ml) induced by the
addttion of perfluorooctanoic acid (PFOA). At concentrations between
3.5 mM and 17 mM, no endothermic transition is detected over the entire
scanning range of the instrument (ca. 12 °C to 99 °C); we did not examine
solutions at greater concentrations of PFOA with microcalorimetry This
phenomena itself does not prove comp.exation occurs. Whereas added
sodium n-alkyl sulfates [18] bind to PNIPAAM and broaden its solution
endotherms, some species such as dodecyltrimethylammonium bromide
appear to bind without substantia, changes in peak shapes. Moreover, sodium
sulfate and sodium thiocyanate have large effects on the endotherms of
PNIPAAM [18], but are presumed to act indirectly through modification of
water structure rather than through binding to the polymer.
We have seen endotherms completely disappear in the presence of other
amphiphiles [18], With sodium n-heptyl sulfate, the peak reappears at slightly
higher concentrations as the LCST increases. The effects of cetyltrimethyl-
ammonium bromide (CTAB) most closely approximate the behavior
observed with PFOA. The endotherm disappears at ca. 1 mM CTAB
accompanied with the same type of upswing in the LCST, plotted here
occurring near 3.5 mM (Figure 8.2) for added PFOA.
t>, Clpud points. Following our established methods, we attempted to
match DSC-reported LCSTs with cloud point measurements. However, above
ca. 0.15 mM, we detected no turbidity (Figure 8.3) change at 500 nm upon
heating solutions through their LCSTs. We examined PNIPAAM solutions
with concentrations of PFOA up to 30 mM and detected no precipitation of
polymer upon heating the system near the boiling point. We have seen this
occur for added SDS and CTAB [18] as well. We then switched over to a more
sensitive 90 0 scattering system involving a fluorescence spectrophotometer
[18], but we observed no standard cloud point curves with this approach at
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only slightly higher concentrations of PFOA (ca. 2.5 mM). Even using 250 nm
to detect even smaller precipitated aggregates did not allow us much more
extension of the phase diagram (Figure 8.2).
The LCST appears to be initially mildly depressed by added PFOA fand
men elevated by further addition of the acid. This is the characteristic
behavior [18] we observe for increased polymer solubility promoted by
surfactant micelle binding. However, the absence of both a change in
scattering and an endothermic transition is unlike the results of our previous
investigations (except possibiy with CTAB). In these investigations one of the
techniques always succeeded, yielding a continuous LCST versus
concentration of cosolute curve.
Our observations challenge the definition for solubility over the range of
concentrations we employ. No calorimetric endotherm was observed upon
heating the protein D-amino acid oxidase despite detecting a conformational
transition by fluorescence [27]. This was explained as possibly due to changes
in the exposure of the pendant tryptophan groups being minor or gradual.
Perhaps the solubility of PNIPAAM in the presence of PFOA follows a similar
mechanism at these higher concentrations.
2. Micellization of perfluoroortannir add with aH<Vd PNIPAAM
Our work aims at relating changes in the LCST of PNIPAAM to the
micellization of added surfactant; we avoid higher concentrations where
interactions will be further complicated by intermicellar interactions. If
surfactant association is promoted by the presence of PNIPAAM, we would
expect to observe the formation of micelles below the CMC at a critical
aggregate concentration (CAC), resulting from polymer-bound micelles. Thus
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the concentrations of PFOA we used above were selected based upon reports
of it. CMC (8 - 10.5 mM) at slightly above room temperature [22-23]
Our standard approach has been the use of the fluorescent probe pyrene
However, we observed no change in the micropolarity-sensitive 11/13
parameter, the ratio of the intensity of the first to third peaks in the emission
spectrum of pyrene at concentrations surrounding the expected CMC of
PFOA. Our observations are in agreement with those of Thomas [15] and
Asakawa [5]. Both measure an 11/13 for pyrene in the presence of pure
fluorocarbon micelles that is the same value of 11/13 that is measured in
water alone: they both conclude that pyrene is not solubilized in pure
fluorocarbon micelles. These results contradict the fluorescence studies of
Zana [6] and Kalyanasundaram [7] with fluorocarbon surfacatants, although
different head groups were involved in each case. However, both of these
reports do not observe substantial decreases in 11/13 until concentrations well
above CMCs. Zana [6] actually uses surface tension measurements to calculate
CMCs, since no abrupt change in 11/13 is observed in surfactant solutions. On
the other hand, Kalyanasundaram [7] defines a discontinuity in 11/13 as the
CMC and not the inflection point as we do, following all other reports using
pyrene probes we have referenced [18, 30]. Consequently, we attempted to
apply alternate techniques to avoid ambiguity.
a- Dye detection In perhaps one of the earliest reports concerning PFOA,
Klevens [2] used changes at three wavelengths in the absorption spectrum of
the dye pinacyanol chloride (10 uM) to determine the CMC. Figure 8.4 shows
our reproduction of his work for polymer-free solution as well as our results
with added PNIPAAM (0.40 mg/ml). The UV absorbances of the a (400 nm), p
(330 nm), and Y (475 nm, red shifts with increasing [PFOA]) peaks were
monitored as a function of added PFOA. Transitions in these absorbances
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were detected (4 - 6 mM) in water similiar to the CMC Klevens reports (5 6
mM), using the same criteria. However in the presence of PNIPAAM, the dye
trans.tions lack clarity. We saw no substantial change in the DSC LCST of
PNIPAAM with the dye present (Figure 8.2), so it does not appear that the dye
perturbs the system. Furthermore, the absorption spectra with the polymer
present still had evidence of maxima due to free dye at greater than 600 nm
These results appear analogous to those using l-benzoy.ace,one to detect the
CAC with PNIPAAM/SDS [18]: the probe can detect the CMC, but is restricted
from being solubiUzed in any complex that may be present.
b, Surface fensiomefry, We therefore applied the most classical method
of determining critical surfactant concentrations, surface tensiometry. From
the plot of surface tensions (obtained using the du Nouy ring method) versus
concentrations of added PFOA (Figure 8.5), we determined a CMC for PFOA of
ca. 10 mM at 28.4 °C in accord with the reports cited above. In the presence of
PNIPAAM, there appears to be a CAC at ca. 2 mM. The concurrence of this
value with the minimum in the the LCST curve (Figure 8.2) suggests
complexation is analogous to that with hydrocarbon surfactants, except for the
ambiguity that the surface tension does not rise at lower concentrations of
PFOA as expected [28]. This is because PNIPAAM itself is surface active: a 0.40
mg/ml surfactant-free solution has a surface tension near 40 dyn/cm, close to
the value observed for hydroxypropylcellulose (HPC) [29], a nonionic polymer
also known to complex with SDS [30]. The Wilhelmy plate method yielded
essentially equivalent values, so we conclude that there are real interactions
between PNIPAAM and PFOA above ca. 2 mM, corresponding to the point at
which the LCST is elevated. At the highest concentration point for the
polymer-free system, two phases were apparent. Interactions in such a
mesophase regime are beyond the scope of this investigation.
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Applying our adaptation of the Nagarajan and Ruckenstein mode, for
nomonic polymer-surfactant computation [18] to this system is not possible
m its current form: although it would be easy to modify the hydrophobic
effect term for the greater free energy advantage of removing a CF2 from
water versus a CH2 [5, 23], a new term would have to be introduced for the
interactions between fluorocarbons and hydrocarbons.
3. Heptaflunrnbiitvrir AriH
Previous studies indicated that PNIPAAM-surfactant complexation was
enhanced at longer hydrocarbon tail lengths [18]. If such a hydrophobic effect
is present with fluorocarbon media, we could better understand interactions
by weakening them through shortening the tail. Therefore, we employed
heptafluorobutyric acid (HFBA) [2, 17, 24 - 25] whose reported CMC is between
0.42 and 1 M, determined by techniques ranging from the pinacyanol dye to
various 19F-NMR methods.
The effect of added HFBA on the LCST of PNIPAAM is plotted in Figure
8.6. The phase diagram shown is somewhat ambiguous. The inset shows that
at > ca. 150 mM HFBA, the LCST of PNIPAAM plunges below 10 °C.
Measuring the LCST from the corresponding volume fraction of 0.02 to 0.61
(4.7 M) is complicated by the freezing behavior of HFBA-water mixtures. A
double eutectic [24] has been reported to exist, resulting in a very composition
dependent freezing point. We observed that PNIPAAM in some samples
becomes soluble before freezing and in others does not. However, all of the
samples in this range were insoluble at 10 °C and above. This means the
corresponding study to determine the micellization of HFBA in the presence
of PNIPAAM is unfortunately impossible since no temperature exists at
which all samples are soluble. In contrast, samples prepared at a volume
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fraction of HFBA of 0.62 or higher were always soluble regardless of the
temperature: a critical-like point thus appears to be present in the phase
diagram.
The critical nature of the phase diagrams of PNIPAAM with both PFOA
and HFBA resembles the cononsolvent phenomena observed with
PNIPAAM [18]. If one compares the effects on the LCST of PNIPAAM with
HFBA to those of dioxane and those of PFOA to those with methanol or
tetrahydrofuran, the analogy is dear: similar trends in the changes in the
LCST of PNIPAAM exist. If similar mechanisms are operative, these findings
would support the existence of nonrandom mixing in the cononsolvent
systems, since mesomorphic phases are certainly present in the surfactant
solutions. The comparison also suggests the application of other techniques to
monitor the surfactant systems. Such methods would include attempting to
obtain entire phase diagrams (high surfactant volume fractions), measuring
interaction parameters and applying polymer solution theories.
E. Conclusions
Results with PFOA and HFBA added to aqueous PNIPAAM solutions
appear to follow trends found with entirely hydrocarbon systems: the LCST is
depressed then elevated at the point in which there is a change in the
association of the surfactant [18]. Greater LCST depression occurs for the
shorter tail amphiphile. However, the systems are clearly more complex; any
quantitative prediction of CACs would have to account for the repulsion
between the hydrocarbon and fluorocarbon units in addition to the
numerous parameters already involved. Phase diagrams also appear to be
analogous to those observed for PNIPAAM in cononsolvent mixtures.
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Figure 8.3. Change in optical density (500 nm) between
28 - 40 °C in aqueous solutions of PNIPAAM (0.40 mg/ml)
as a function of added PFOA (mM).
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Figure 8.4. UV absorbance of characteristic peaks in the spectra of
chloride (10 uM) [2] with increasing concentrations of PFOA:
(O) water; (•) aqueous PNIPAAM (0.40 mg/ml).
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CHAPTER IX
PHOTOLUMINESCENT PROBES
OF THE LCST OF
AMPHIPKLIC COPOLYMERS
OF
N-ISOPROPYLACRYLAMIDE
A. Absh-^rf
Incorporating less than 2 mole % N-hexadecylacrylamide (HDAM) into
poly(N-isopropylacrylamide) (PNIPAAM) led to dramatic changes in aqueous
solution properties relative to those of the homopolymer. Although the
lower critical solution temperature (LCST) was only slightly depressed as
measured by microcalorimetry and cloud points, fluorescent probes indicated
the creation of a micellar state in solution. The solubilization sites of the
probes were established based on their ability to detect the LCST of the
PNIPAAM units. Further information based upon variation in copolymer
concentration, use of an amphiphilic fluorophore, and complexation with
sodium n-dodecyl sulfate (SDS) was used to develop a model of these
heterogeneous systems.
B. Introdurhnn
Photochemical investigations of microheterogeneous systems have been
intensely applied [1 - 5]; comparisons with homogeneous solvent media and
between various systems has uncovered many fine details of host
architecture. We examine here the solution behavior of amphiphilic
copolymers of N-isopropylacrylamide (NIPAAM) and N-hexadecylacrylamide
(HDAM). Similar systems of hydrophilic polymers containing small amounts
of hydrophobic comonomers exhibit interesting concentration-dependent
rheology due to intra- and intermolecular associations [6], possibly resulting
from the formation of micellar structures [7]. By employing NIPAAM (instead
of acrylamide [6 - 7]) as the hydrophilic unit, we can exploit the lower critical
solution temperatures (LCST) [8] of the copolymers [9] to establish the
solubilization sites of various fluorescent probes within the polymeric
micelle. Thus not only are the copolymer structures elucidated but valuable
information is obtained regarding solubilization of organic materials in
aqueous polymer solutions.
C Experimpntal
1. Materials
The sources and purifications of NIPAAM and AIBN as well as the
synthesis and characterization of the PNIPAAM sample used in this study are
reported in detail elsewhere [10]. Acryloyl chloride (98%), hexadecylamine
(90%), tetrahydrofuran (THF, HPLC Grade), triethylamine (99+%), methanol
(HPLC Grade), benzene (Spectrophotometric Grade), chloroform (HPLC
Grade), 1-pyrenecarboxaldehyde (pycho) and pyrene were used as received
from Aldrich Chemical Company. Acetone and hexane (HPLC Grades) was
obtained from Fisher Chemical Company. 8-Anilino-naphthalene-l
-sulfonic
acid, ammonium salt (ANS) were obtained as puriss. biochem. (> 99%) grade
from Fluka Chemical Corporation. Molecular Probes, Inc. was the source for
the sodium salt of 2-(N-dodecylamino)naphthalene-6-sulfonic acid (C12NS).
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2. Synthesis and rharacterizafmn
Hexadecylacrylamide (HDAM) was prepared by the slow addition of a
THF (18 ml) solution of acryloyl chloride (6.0 ml, 0.070 mol) to an ice cold,
stirred mixture of hexadecylamine (13.4 g, 0.056 mol), triethylamine (9.8 ml,
0.070 mol), and THF (400 ml). Triethylamine hydrochloride was filtered off
after stirring the reaction under nitrogen for 23 hr at room temperature. The
filtrate was evaporated and the product recrystallized from methanol (225 ml)
and dried to give 9.8 g (59 %) of HDAM as a white polycrystalline powder
(mp. 63-65 °C). Anal, calcd. for C19H37NO: C, 77.2% ; H, 12.6%; N, 4.7%.
Found: C, 77.2%; H, 12.6%; N, 4.7%; equal within experimental error.
TLC (Methanol, 254 nm): single spot, Rf = 0.74. IR (CHCI3 cast film) each
3300, 3050, 2975, 2955, 2920, 1650, 1620, 1540, 1470, 1410, 1380, 1310, 1240, 995,
955. lH NMR (300 MHz, CDCI3) 5 : 6.0 - 6.4 (2 vinyl H, m), 5.5 - 5.8 (1 vinyl H,
m; 1 NH, br), 3.3 (2 H, q), 1.0 - 2.0 (28 H, complex), 0.9 (3 H, t). ™C NMR (75
MHz, CDCI3) 8 : 165.4 (C=0), 131.0 and 125.9 (CH2= CH), 39.8, 32.0, 29.7 (m), 29.4
(m), 27.1, and 22.8 (CH2), 14.2 (CH3).
The copolymers were synthesized following the same procedure as for
the homopolymer [10]. Various monomer feeds of HDAM (Table 9.1) were
copolymerized with recrystallized NIPAAM in benzene (100 ml) initiated by
AIBN (ca. 1 mol %, recrystallized from methanol) at ca. 50 °C for ca. 24 hr
under nitrogen. The solvent was stripped, and after further vacuum drying,
the polymer was dissolved in chloroform (ca. 100 ml), precipitated in hexane
(ca. 900 ml), and dried to constant weight (Yields: 70 - 85%). Absent from the
IR spectra of the copolymers were the 1620 (C=C), 1410 (CH2=), and 955 and
995 (C-H vinyl out of plane bending) vibrations (cm- 1 ) observed in the
spectrum of the monomer. Copolymer compositions from NMR analyses
described below are summarized in Table 9.1. The molecular weights of the
copolymers (Mw = 320,000; Mn= 120,000) were equal to one another and to
the homopolymer [10] to within the experimental error of ± 30,000.
3. Preparations
Aqueous stock solutions (4.0 mg/ml) of each polymer were prepared by
stirring of the sample in distilled water with 0.1 w/v % sodium azide as
bactericide for several days. Samples that failed to dissolve at room
temperature were refrigerated (T - 0 °C). Aliquots (0.20 ml) of these stock
solutions were diluted to 2.00 ml with distilled water for all measurements
except those with ANS. For studies involving fluorescent probes, microliters
of stock solutions of 1-pyrene-carboxaldehyde (pycho) and pyrene in acetone
were first evaporated in vials after which the diluted polymer stock solutions
were added, yielding ca. 1 uM concentrations of probe. An aqueous stock
solution (1.80 ml) of the ammonium salt of 8-anilinonaphthalene-l
-sulfonic
acid (ANS) was added to 0.20 ml polymer stock solution to yield 290 uM ANS.
Techniques for C12NS have been previously described in detail [11].
4. Measurements
Infrared spectra were obtained from films cast on NaCl plates with a
Perkin-Elmer 1320 spectrophotometer. NMR OH and 13q spectra were
recorded on a Varian XL-300 spectrometer. Copolymer compositions were
determined via quantitative ^C-NMR under broad-band XH decoupling
using a 90° pulse width and a delay time of 5 sec in deuterated chloroform at
20 °C The longest Ti (0.8 sec) was measured by an inversion recovery
experiment using broad-band decoupling, a 90° pulse width of 16.5 us, and an
array of ten delay times varying from 0.008 to 4.000 s under identical
conditions. Calculations were based upon the ratio of the integrated intensity
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of the main signal of the n-hexadecyl chain (11 CH2 at 29.5 ± 1.5 ppm) versus
that at ca. 23 ppm (2 CH3 of NIPAAM, 1 CH2 of HDAM).
Gel permeation chromatography (GPC) was performed with a Waters
M45 solvent pump coupled to a R410 differential refractometer, four
microstyragel columns (1 06 105, 104 103 A), and a Hewlett-Packard 3380A
recorder. Degassed THF was eluted at 1.1 ml/min. Polystyrene standards
(Polysciences) were used for calibration, and molecular weights are estimated
as those of polystyrenes of equivalent elution volume. PNIPAAM samples
were injected at 5 mg/ml and data analyzed with BASIC programs on a
Macintosh SE computer.
The techniques for determination of cloud point and microcalorimetric
transitions and for temperature control were identical to those reported
elsewhere in detail [10]. Emission spectra were obtained on a Perkin-Elmer
MPF-66 spectrophotometer with excitation at 303 nm (C12NS), 337 (pyrene),
365.5 (pycho), and 377 CANS) nm using respective slit widths of 5, 3, 5, and 10
nm. Errors are ± 0.05 for 11/13 and ± 0.8 nm for wavelength maxima.
D. Results and Discussion
1. Polvmer synthesis
Through careful control of reaction conditions, we synthesized
PNIPAAM/HDAM copolymers of nearly identical molecular weight and
Mw / Mn , reducing, the number of variables with which we need to be
concerned. Table 9.1 summarizes these preparations; quantitative 13C-NMR
analysis found polymer compositions to be approximately equivalent to those
of the monomer feeds. Conversions are high (70 - 85 %); therefore, feed and
copolymer compositions must be similar. We could detect complex changes
m the methylene region (1 - 2 ppm) and evidence for the methyl group of the
n-hexadecyl moiety (ca. 0.85 ppm) with 300 MHz lH-NMR, but could not
quantitate measurements for the low HDAM content copolymers by this
approach.
The motivation for synthesizing copolymers of very low HDAM content
was the lack of solubility of samples D and E which only swell in water even
after refrigeration for one month. Such an abrupt change in solubility from
sample C to D is not unprecedented: similar behavior has been observed for
NIPAAM copolymerized with N-butylacrylamide [9] at a higher fraction of
comonomer (40 %) in the monomer feed. We estimate samples B and C to
have ca. 4 and 12 n-hexadecyl groups per polymer chain, respectively, based
on a number average degree of polymerization of ca. 1000. Thus the
copolymers are comb-like; at the concentration (0.40 mg/ml) we use for our
experiments, this corresponds to a respective 14 and 39 uM of n-hexadecyl
chains in aqueous solution. The critical micellar concentration (CMC) of the
single-tailed sodium n-hexadecyl sulfate is 550 uM above a Krafft temperature
of 31 °C [10]. Typical critical concentrations for the formation of vesicles of
species having a headgroup with two C16 tails are orders of magnitude lower
in concentration [12]; if we imagine the NIPAAM units to be the head group
connected to an even greater number of n-hexadecyl tails, we would almost
certainly expect a microheterogeneous [2] solution.
2. Cloud points and microcalorimetry
Poly(N-isopropylacrylamide) (PNIPAAM) exhibits a lower critical
solution temperature (LCST) in aqueous solution [8-10]; precipitation above
the LCST results from the differing temperature dependences of the
contributions of hydrogen bonding and the hydrophobic effect [12] to the free
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energy. Cloud points were taken as the initial break points in the resulting
optical density versus temperature curves (Figure 9.1); they detect a
depression of the LCST upon copolymerization that can be attributed to
increased polymer hydrophobicity [13] since the molecular weights are
similar. The temperatures of the maxima (Tmax) reported in Table 9.1 of the
microcalorimetric endotherms (Figure 9.2) coincide with the cloud points.
The increase in transition width and decrease in relative peak height reveals
a reduction in the cooperativity of the precipitation process in the copolymer
solutions [10]. The cause for the double transition for polymer B is unclear.
The insoluble copolymers probably possess LCSTs less than the temperature
of our refrigerator, ~ 0 °C, although kinetic effects are certainly conceivable.
3. Fluorescent LCST prnhpg
Figures 9.3, 9.4, and 9.5 respectively show the fluorescent probes pyrene,
pycho, and ANS to be accurate reporters of the LCST of PNIPAAM. The
emission spectra of these probes are sensitive to environmental micropolarity
[1-2]: the ratio of the intensities (11/13) of the first and third peaks in the
pyrene emission spectrum decreases and the emission wavelength maxima
for pycho and ANS blue shift as the probes are solubilized in the less polar
environments. These spectral quantities abruptly change as the probes are
transferred from aqueous solution to the precipitated polymer phase. We
stress that the cloud point and the more sensitive microcalorimetric
measurements cited above are not perturbed by the presence of these probes at
the concentrations used.
Pycho also "sees" the LCST of the NIPAAM units in the copolymers
(Figure 9.4); the abrupt spectral blue shift upon heating through the LCST is
illustrated in Figure 9.6. Pyrene reports no change of micropolarity upon
heating the 0.4 % copolymer solution through the LCST, and an unexpected
mcrease in polarity upon heating the 1.1 % copolymer solution. Transitions
detected by ANS are very broad in either of the copolymer solutions-
moreover, the changes in the wavelength maxima of ANS are very small
upon heating these solutions through the LCST. However, results with the
other two probes appear anomalous. Studies of classical micelles and vesicles
[1 - 2] and the systems mentioned above [3-5] conclude that pyrene is
solubilized closer to the hydrophobic interior than ANS and pycho, which are
though, to "sit" near the amphiphile headgroups at the water interface. Thus
if we assume the water-insoluble HDAM units form micellar aggregates [6 - 7]
below the LCST, pyrene solubilized therein does not see the surrounding
NIPAAM units collapse. This explains the temperature independent
behavior of the 11/13 value of pyrene in the 0.4 % HDAM copolymer solution
(Figure 9.3). That pycho sits close to the aqueous exterior is evident by its
wavelength maximum below the LCST being identical to that of the probe in
water (Figure 9.4)
.
ANS bound at the interface of the two phases observes a
much smaller change at the transition (Figure 9.5) than does pycho; Figure 9.7
shows typical spectra of ANS in homopolymer and copolymer solutions. The
intensity increases and the wavelength blue shifts [1] as the HDAM content of
the copolymer increases.
However, pyrene in the 1.1 % HDAM copolymer appears to observe a
more polar environment above the LCST than below: 11/13 increases upon
heating (Figure 9.3). This probably results from intermixing of NIPAAM and
HDAM units above the LCST, since pycho reports a less polar environment
above the LCST for this copolymer solution than with those of the other two
polymers (Figure 9.4), as reflected by a lower plateau Xmax . Analogous
phenomena of phase mixing have been observed with probes solubilized in
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ABA block copolymers of polyethylene oxide) and polypropylene oxide, [3]
or poly(2-hydroxyethyl methacrylate) and polyethylene oxide) [14].
We therefore would like to propose the model of Figure 9.8. Below the
LCST, the water-soluble NIPAAM units form the head group of a micelle that
possesses a core of n-hexadecyl chains. These aggregate by virtue of the
hydrophobic effect [12] and are shown solubilizing the most hydrophobic of
the probes, pyrene (). Pycho (O) is in free aqueous solution, and ANS (A) is
bound near the interface. Upon heating through the LCST of the copolymer,
micellar structures are macrophase-separated via conversion of the
hydrophilic NIPAAM "head-group" to a precipitated hydrophobic phase that
now solubilizes all of the probes at sites similar to those reported in literature
[1-5]. The individual micelles collapse and aggregate, leading to the increased
optical density detected.
Stoichiometrically, 0.40 mg/ml of polymer corresponds to 3.5 uM
polymer chains using the assumptions above [10]. With pyrene and pycho, we
clearly have more chains than probes, but with ANS (290 uM) this is not so:
ca. 80 molecules exist per polymer chain of 1000 monomer repeating units.
Thus rephrased, this does not appear overwhelming, but there is probably an
excess of ANS in free solution. However, as the unnormalized spectra
(Figure 9.7) indicate, these molecules would contribute little to the observed
emission. Unfortunately, the emission of 1 uM ANS is too low for our
instrumental detection. In the millimolar range, there is enough ANS to
perturb the LCST, causing its elevation as bound negatively charged species
should [10]. Thus the concentration of ANS we apply is optimal for this
system, but results can not be excepted as unambiguously as with pycho and
pyrene.
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4. Amphiphilir fluorescent prnhir..
Further information can be obtained using another well-defined probe
an amphiphilic fluorophore, the sodium salt of 2-<N-dodecylamino)-
naphthalene-6-sulfonic acid (C12NS). We have previously used this as a
probe to explore complexation between PNIPAAM and sodium n-dodecyl
sulfate (SDS) [10] as well as investigate its direct interactions with PNIPAAM
[11]. It binds to PNIPAAM above a critical concentration of 100 uM, perturbing
the LCST transition. Its organization into micelle-like polymer-bound
aggregates is detected by an abrupt blue shift of its emission maximum similar
to that seen when ca. 1 uM is solubilized in SDS micelles at the CMC [10]. The
structural similarity of C12NS to surfactants thus leaves less doubt as to its
solution behavior.
Figure 9.9 illustrates what occurs as we add increasing concentrations of
C12NS to our solutions at 24.5 °C. With the copolymers, C12NS can first be
solubilized in their HDAM cores, even at the lowest concentrations employed
down to the limits of our instrumentation. The 1.1 mol % HDAM system
clearly offers a larger hydrophobic region to contain C12NS than that of the
0.4 mol % HDAM as can be expected. Figure 9.10 shows spectra for 1 uM
C12NS; the emission maximum blue shifts from its aqueous value (vertical
line) in the absence of polymer as the HDAM content in the solution
increases. At these concentrations, the emission maximum of the
homopolymer solution is identical to that in water alone; hence the blue
shifts observed are a result of binding to the HDAM cores and not to
NIPAAM units. Both copolymer solutions exhibit abrupt red shifts as the
concentration of C12NS attains the value (20 - 100 uM) at which it binds to the
homopolymer. The curves all superimpose near the solubility limit of C12NS
[11]. We conclude that C12NS binds to two sites, NIPAAM units as well as the
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core.
HDAM core. At higher concentrations, the contribution of the emission of
the species bound to NIPAAM is larger than those bound in the HDAM
This probably results from there being more NIPAAM sites.
We further tested our model through choosing a C12NS concentration
(0.4 uM) at which the probe does not perturb PNIPAAM or form aggregates
[10-11]. Hence we can employ it as a probe as we did for PNIPAAM/SDS
complexation. As Figure 9.11 displays, C12NS exhibits a thermal response in
PNIPAAM/HDAM solutions analogous to that reported for pyrene. This
thereby supports our previous assertion that both solubilize in HDAM cores.
Most interestingly, we have now applied C12NS, pyrene, and pycho to
both the PNIPAAM/HDAM copolymer and PNIPAAM/SDS systems [10]. In
the latter solutions, all three probes qualitatively exhibit the same behavior;
however, pycho does not solubilize in the PNIPAAM /HDAM micelles as the
other two probes do. Apparently, the NIPAAM-head group region in the
copolymers possesses greater water penetration than SDS micelles. This is
understandable, since the comb-like organization is more constrained due to
the steric hindrances of the polymer backbone.
5. Polymer concert frafinn
Higher concentrations of this type of copolymer are known to form
viscous intermolecular aggregates [6]; we decided to demonstrate that under
these conditions, the environment present would be nonpolar enough to
solubilize pycho. As Figure 9.12 illustrates, this transition occurs above ca. 2
mg/ml for the 0.4 % HDAM copolymer. Solutions were noticably more
viscous and some kinetic effect was observed at higher polymer
concentrations for dispersing the probe through vortexing. Neither of these
phenomena are observed with hompolymer PNIPAAM. The transition for
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the 1.1 % HDAM copolymer occurs at slightly lower concentrations but is
complicated by the greater contribution of scattering (Figure 9.1) resulting
from the broader cloud point.
6. Polvmer-SDS rnmpW^n
Previously, we demonstrated [10] that PNIPAAM binds SDS in the form
of polymer-attached micelles above a critical aggregate concentration (CAC)
[15]. Given the above observation that the similarly amphiphilic C12NS can
bind to the HDAM cores at lower concentrations than its CAC, we decided to
assess the higher affinity of the PNIPAAM/HDAM copolymers for SDS. As
the copolymers come with "ready-made" micelles, SDS should bind below the
PNIPAAM CAC. However, SDS lacks an intrinsic fluorophore. This
motivates us to use pycho as a probe since we know it is outside these HDAM
cores and thus can detect changes in the system upon addition of SDS. Figure
9.13 illustrates results for the three soluble polymers: the CAC marked by the
abrupt blue shift of the pycho emission maximum moves to lower
concentration with the copolymerization of HDAM with NIPAAM.
Moreover, with the larger HDAM cores of the 1.1 % HDAM copolymer, we
clearly detect a two-step process that signifies the existence of a
microheterogeneous environment within this polymer solution. SDS thus
can first bind and increase the size of the HDAM core so that it can solubilize
pycho even below the LCST. In addition, it cooperatively binds as micelles to
any position along the polymer above its homopolymer CAC. Of course, these
findings are valid only from the perspective of pycho: the probe detects the
cooperative formation of environments in which it is solubilized.
The polymers with high HDAM content (D & E) were insoluble because
the NIPAAM units could not support them in solution. We have been able to
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solubilize these two polymers with added sodium n-alkyl sulfates- the
surfactant thus complexes with these cores and promotes the entire species'
solubility. Cursory experiments revealed that not only do these logically
possess the most nonpolar probe-determined micropolarity, but that the
NIPAAM units could still exhibit a microcalorimetric endotherm near their
LCST.
E. Cnnclliainnc
Striking perturbation of the aqueous solution behavior of PNIPAAM
was obtained by incorporation of less than 2 mol % of HDAM as a
hydrophobic comonomer. Micellar structures consisting of NIPAAM
surrounding a HDAM core can be phase separated by heating above the LCST,
which converts the hydrophilic NIPAAM "head-group" to a precipitated
hydrophobic phase. The solubilization sites of fluorescent probes can be
determined from their sensitivity to the LCST. Pycho, ANS, and pyrene are
respectively located closer to the hydrophobic HDAM core of these copolymer
micelles. Studies using a fluorescent amphiphile (C12NS), varying polymer
concentration, and added SDS further establish the existence of microhetero-
geneous environments in aqueous solutions of PNIPAAM/HDAM
copolymers.
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CHAPTER X
A COMPARISON OF FREE AND COVALENTLY BOUND
FLUORESCENT PROBES
OF
POLYMER-SURFACTANT COMPLEXATION
A. Afaatratf
N-isopropylacrylamide (NIPAAM) was copolymerized with very small
amounts (< 0.40 mol %, of a pyrene derivative to provide fluorescently-
labelled polymers. Aqueous solution behavior remained similar to that of
the homopolymer, based upon cloud point and microcalorimetric
measurements of the lower critical solution temperatures (LCSTs). These
copolymers provided an alternative perspective of PNIPAAM-surfactant
complexation. Critical aggregation concentrations (CACs) for sodium n-alkyl
sulfate systems (n = 7 and 12) determined from the abrupt increases in the
emission intensity of the polymer-bound pyrene concurred with CACs
measured using a free pyrene probe. In these systems, the CAC was less than
and well separated from the CMC. For systems where the CAC in the
presence of PNIPAAM was measured equal to the critical micelle
concentration (CMC) through the use of free pyrene, the polymer-bound
probe was able to distinguish that interactions existed between the polymer
and surfactant in the cases of dodecyltrimethylammonium bromide (DTAB)
and Triton® X-100 and that micellization was unaffected by the presence of
PNIPAAM in the case of Zwittergent® 3-12.
B. Intrndnrfinn
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Our work has been concerned with the interactions between nonionic
poly(N-isopropy.acrylamide) (PNIPAAM) and various coso.utes in aqueous
solution [1-9]. For added surfactants [3-7], we have monitored changes both in
polymer so.ubility and surfactant association upon mixing. Cloud point and
m.crocalorimetric measurements were employed to detect perturbation of the
lower critical solution temperature (LCST) of PNIPAAM while various
fluorescence techniques were employed to quantitate critical surfactant
concentrations (CACs/CMCs) for the formation of micelles.
Essentially, we discovered that polymer solubility was most enhanced (as
reflected by elevated LCSTs) when PNIPAAM proved most effective in
promoting the formation of micelles (i.e., by lowering the micellization
concentration) [3-7]. Fluorescence experiments employed free probes [4-7] or
in some cases amphiphilic probes [4-6]. This investigation looks at
complexation using a polymer-bound fluorophore. This resolves ambiguities
in systems where the measuredCAC equals the CMC. In these cases [6, 10], it
is unclear whether PNIPAAM binds the added surfactant at the CMC, at
concentrations greater than the CMC, noncooperatively (as monomers), or
not at all.
The most closely related work has involved another nonionic polymer,
hydroxypropylcellulose (HPC) [11] interacting with similar surfactants. More
studies have been concerned with fluorescent, charged polymers [12-15] in the
presence of amphiphiles. Other recent work has also involved polymer-
bound fluorophores to follow conformational changes induced by the
presence of additional polymers [16-19], pH changes [14, 20], and surfaces [21].
A wide variety of problems in polymer science have been explored using
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nonradiative energy transfer between labelled polymers [22-25] which we
applied to our work as well [9].
Although using covalently-bound probes removes doubts concerning
solubilization sites [4, 13b], they must be used cautiously as high enough
degrees of substitution can lead to additional contributions to hydrophobic
driving forces for surfactant binding [12] or otherwise modifiy the original
solution behavior of the polymer [20, 25-27]. Comparisons will thus be made
with other probes previously used [4-6] in our systems to obtain a broad
description of interactions in these solutions.
C. Experiment!
1. Materials
1-Pyrenemethanol was used as received from Molecular Probes, Inc.
Tetrahydrofuran (THF, HPLC Grade), triethylamine (Gold Label), acryloyl
chloride (98%), benzene (Spectrophotometry Grade), chloroform (HPLC
Grade), hexane (HPLC Grade), and methanol (HPLC) were obtained from
Aldrich Chemical Company. The sources and purifications of N-isopropyl-
acrylamide (NIPAAM) and AIBN have been previously given [3] as have the
sources of all surfactants [3, 5-7] used in this study.
2. Synthesis
a. 1-Pyrenemethvlol acrylare, 1-Pyrenemethanol (0.919 g, 3.96 mmol) was
dissolved in THF (150 ml) and cooled to ca. 0 °C while bubbling nitrogen
through the solution. Triethylamine (0.69 ml, 4.96 mmol) was added by
syringe. Afterwards, acryloyl chloride (0.41 ml, 4.96 mmol) in THF (15 ml) was
added dropwise over 20 min with magnetic stirring. Stirring followed for 28
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hr under nitrogen, allowing the system to gradually reach room temperature
The tnethylamine hydrochloride was filtered off and the solvent was
removed on the rotary evaporator. The crude solid was vacuum dried
triturated with methanol, filtered, and vacuum dried again. The reaction and
work-up were done in the absence of light. The off-white crystals (0.18 g, 16 %
yield) did not melt but polymerized upon heating. Insufficient material was
available for accurate elemental analysis. 1H NMR (300 MHz, CDC13 )
5 : 8.2 (9 H, m), 6.48 (1 H, m), 6.20 (1 H, m), 5.94 (2 H, s), 5.85 (1 H, m). IR
(CHCI3 cast film) cart 3050, 2960, 2930, 2860, 1750, 1660, 1610, 1470, 1415,
1380, 1300, 1270, 1190, 1070, 1050, 970, 850, 820.
b, Polymerizations Nitrogen was bubbled for 15 min through a benzene
solution (100 ml) of recrystallized NIPAAM (ca. 5 g) [3], 1-pyrenemethylol
acrylate (monomer feeds of 22 and 100 mg, respectively, 0.17 and 0.79 mol %),
and recrystallized AIBN ( ca. 73 mg, ca. 1 mol %) [3]. The polymerization then
proceeded under nitrogen with stirring in an oil bath at 50 °C for 22.5 hr. The
benzene was removed on the rotary evaporator and the solids were dissolved
in chloroform (100 ml). Upon precipitation in hexane (ca. 1000 ml), the
polymer was filtered and vacuum dried (ca. 80 % yields). Copolymer
compositions were determined by UV spectroscopy using Beer's Law with
solutions of the copolymers in methanol. The extinction coefficient of the
1-pyrenemethylol acrylate units was assumed to be that of 1-ethylpyrene (log
£343 = 4.6) [28]. The two copolymers possessed respectively 0.06 ± 0.01 and 0.36
± 0.02 mol % of the pyrene-labelled repeating units. GPC (DMF): Mp = 580,000
± 50,000 g/mol; molecular weight distributions of both copolymers and the
homopolymer were indistinguishable. Table 10.1 summarizes
characterization of the two copolymers and the homopolymer used in this
work [3].
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3. Samplp prpparafjnn
PNIPAAM was studied at a concentration of 0.40 mg/ml. Stock
solutions of concentration 4.00 mg/ml were prepared through dissolution in
distilled water with 0.1 w/v % sodium azide for several days. Refrigeration
was required to obtain optically clear solutions of the more highly labeled
sample. Aliquots (0.20 ml) of this polymer solution were diluted to 2.00 ml
with distilled water or surfactant stock solutions. The surfactant solutions
were typically prepared by addition of known volumes of water to weighed
amounts of surfactant. Concentrations are thus millimolal (mm) which are
equivalent to millimolar (mM) at lower concentrations. Hence, we used
volumetric flasks to prepare the more dilute surfactant solutions in
concentrations of millimolar. We observed no differences in sample
behavior between the two preparative techniques.
4. Measurements
Infrared spectra were obtained on films cast from chloroform on NaCl
plates with a Perkin-Elmer 1320 infrared spectrophotometer. NMR spectra
were obtained on a Varian XL-300 spectrometer. Gel permeation
chromatography was performed with a Waters M45 solvent pump coupled to
a R410 differential refractometer, and a Hewlett-Packard 3380A recorder. DMF
(HPLC, Aldrich) was eluted at 1.0 ml/min through three Waters ubondagel
columns (E-1000, E-500, E-125). Polystyrene standards (Polysciences) were used
for calibration; molecular weights are thus estimated as those of polystyrenes
of equivalent elution volume. Copolymer composition (343 nm) and optical
density (OD) measurements (500 nm) were acquired on a Beckman DU-7
spectrophotometer with a water-jacketed cell holder coupled with a Lauda
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RM-6 circulating bath, monitored by an Omega 450-ATH thermistor
thermometer.
A Perkin-Elmer MPF-66 fluorescence spectrophotometer was applied for
measuring the fluoresces intensity (377 nm) of PNIPAAM-bound pyrene:
emission spectra were obtained through excitation at 344.2 nm using 3 nm slit
widths. Measurements were made at 24.5 ± 0.2 °C using the temperature
control described above. Cloud point and microcalorimetric measurements
were done in the manner previously described [1-3].
D. Results and Dismssinn
1. Synthesis and characterization
a. Preparations. Pyrene was selected as the fluorophore since it has been
most widely applied in previous investigations of polymers in aqueous
solution with covalently bound fluorophores [11 - 12, 14 - 15, 18, 20 - 21, 25 -
27]. The monomer was constructed by the reaction between 1-pyrene-
methanol and acryloyl chloride in THF: IR and NMR are consistent with the
expected structure of this previously unreported compound. Polymerizations
were carried out under identical conditions as for the homopolymer. Figure
10.1 illustrates the polymers whose characterization is summarized in Table
10.1. Molecular weight distributions were indistinguishable to within
experimental error thus effectively eliminating one variable in our
investigations.
b. LCST transition. There is less than one fluorophore per polymer
chain for sample B (Table 10.1); such a criterion has been deemed best [20, 25]
to avoid any changes in the polymer's aqueous solution behavior. We test
this hypothesis for our system using solution microcalorimetry (Figure 10.2)
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and cloud point measurements (Figure 10.3) to detect the LCST associated
with PNIPAAM. This transition results from the net balance of hydrogen
bonding and hydrophobic effects in the system [1-3]; we have found this
precipitation upon heating to be extremely sensitive to polymer structure [1]:
changes in molecular weight, polydispersity, and small amounts « 2 mol%)
of N-hexadecylacrylamide comonomers [8] lead to substantial differences,
especially with microcalorimetry. As the illustrations and Table 10.1 display,
the LCST is slightly depressed upon copolymerization; moreover, cloud
points are less sharp and endothermic transitions are broader and shorter in
height with the copolymers.
Such observations are striking in view of previous applications of
polymer-bound probes in the literature. Our copolymers (B & C) respectively
have 1 pyrene unit every 278 and 1667 monomer repeat units; Winnik [11, 25-
27] typically uses HPC labelled at a level similar to that of sample C or even an
order of magnitude more heavily; this resulted in a "double-LCST" for one
such sample [27]. One certainly can not attribute environmental response to
the nature of the polymer alone at this level of labelling as Turro notes [12].
Of course the sensitivity of the calorimetric method is very high; however,
Thomas [20] has observed by fluorescence techniques differences in the
conformational transition of poly(methacrylic acid) with positioning the
pyrene unit at polymer ends versus randomly along the chain. He fails to
report all the various molecular weights of the samples involved, leaving
some ambiguity as to causes.
The slight depression of the LCST we observe can be attributed to the
increased hydrophobicity associated with the introduction of pendant pyrene
as our polymers have equivalent molecular weights. The other observed
differences can be assigned to reduced cooperativity [1, 3], although the origins
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of such a perturbation are unclear. Nonetheless, our approach will be to
compare the behavior of all three polymers for one surfactant system and
then rely mostly on sample B to most closely match the homopolymer A.
Moreover, we will redetermine LCST curves of PNIPAAM as a function of
added surfactant [3, 6] for most of our systems for sample B, thereby verifying
if the two possible reference states are equivalent.
6 Fluorescence Figure 10.4 displays the excitation and emission spectra
for sample B in aqueous solution (0.40 mg/ml, 24.5°C). Sample C exhibited a
higher intensity at the same concentration, but the spectra are otherwise
similar. Most noteworthy at this pyrene concentration (ca. 2m for sample B)
is the absence of excimer. Excimers are not ordinarily seen in such dilute
solutions for free pyrene; however, the local concentration can be much
higher with polymer-bound pyrene. The change in the excimer to monomer-
associated ratio of intensities in the emission spectra is the parameter that
Winnik [11] and Turro [12] apply to probe polymer-surfactant complexation;
they used more highly labelled polymers than we have synthesized.
Therefore, we must rely on environmentally sensitive changes in the
absolute intensity of the monomer emission (377 nm) as Thomas [20] and
Tirrell [14] have; they employed polymers labelled at levels similar to those of
sample B and C. A lack of excimers does insure that a secondary LCST does
not result from their dissociation [27]. No hydrolysis of bound pyrene occurs
in these investigations; no changes in the fluorescence, microcalorimetry or
cloud point measurements were observed over the course of our
experiments.
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2. Interaction gf PNTPA AM-Py with v.rf,^^
Figure 10.5 reproduces the curve [3]
relating the eievation of the LCST of aqueous PNIPAAM (A, occurring in the
presence of increasing concentrations of sodium n-dodecyl sulfate (SDS)
Several data points for the pyrene-labelled PNIPAAM <B, C) solutions are also
Splayed: the same qualitative behavior is observed. Hence, the general
nature of the phenomenon has not been perturbed by the introduction of
covalent pyrene labels.
Figure 10.6 shows a rescaled plot [4] of the 11/13 ratio of free pyrene in
PNIPAAM-A/SDS solutions. The abrupt drop in 11/13 [4] indicates the
formation of micelles above a CAC of 0.79 mm, an order of magnitude lower
in concentration than the CMC of SDS. Several other free probes [4] yielded
similar values. Also plotted (Figure 10.6) are abrupt increases in fluorescence
intensity for both pyrene-tagged PNIPAAM (B, C) solutions upon the addition
of SDS. These occur at approximately the same concentration (based on the
inflection point [11]) as the free probe transition. Such increased emission
would be expected if the covalently-bound pyrene were solubilized inside
attached SDS micelles, since the fluorescence intensity of pyrene increases in
less polar environments. At higher concentrations of SDS, the intensity goes
through a slight maximum prior to levelling off. As the polymer chain is
expanded upon conversion into a polyelectrolyte [4], we might expect such
conformations to result in greater exposure of the pendant pyrene to water.
This would explain the slight decrease in pyrene intensity observed. Such a
fine balance detected by locally sensitive probes has been discussed previously
[12]. For the remainder of the studies we will use sample B to minimize the
perturbation of solution behavior by the covalently-bound pyrene. However,
both labelled polymers measure a CAC essentially equivalent to that
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measured by diverse free probes and a fluorescent amphiphile [4]. Thus the
phenomenon in this case (SDS) appears to be quite general.
b. Sodium n-heptyl sulfate (SHS) We have observed that a hydrophobic
effect is operative in PNIPAAM-surfactant complexation [3-4]: added sodium
n-heptyl sulfate (SHS) elevates the LCST of PNIPAAM less than SDS does.
This thereby provides a greater range of concentrations for examination.
Figure 10.7 displays that LCST curves of both the homopolymer (A) and
copolymer (B) solutions are superimposable in their response to added SHS.
This clearly proves that the presence of the pendant pyrene label does not
affect the complexation between PNIPAAM and sodium n-alkyl sulfates. We
replot one of these identical LCST curves in Figure 10.8 along with
fluorescent measures of surfactant association. Both the free and covalently-
bound pyrene transitions occur at approximately the same concentration as
the elevation of the LCST. This is slightly less than the observed CMC (260
mm) of SHS detected by free pyrene in polymer-free solution. This verifies
that the increased polymer solubility is induced by the formation of bound
micelles.
The binding transition in the presence of SHS (Figure 10.8) appears to be
less abrupt than that with added SDS (Figure 10.6). In studies of polymer (B)
with added sodium methyl sulfate and sodium sulfate, we observed gradual
increases of ca. 10-15% in fluorescence intensity without any abrupt
transitions. These species only depress the LCST [3-4]; attached micelles were
not observed in these systems. Their "salting-out" of PNIPAAM can be
rationalized to result in such small increases in fluorescence due to a minor
conformational collapse. At very high salt concentrations, this ultimately
results in precipitation of the polymer from solution. Hence, in the case of
SHS, the higher ionic strength in the solution of monomeric surfactant than
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with SDS results in an additional contribution to the fluorescence intensity
from this process.
ct DodecYltrimethylammonium hmmi^
{
rvr^p} Figure 10.9
summarizes the techniques used to probe the interaction of PNIPAAM with
the cationic surfactant dodecyltrimethylammonium bromide (DTAB) [6]. We
again first verified that solutions of A and B, the latter the pyrene-labelled
polymer, exhibited nearly identical changes in their LCST monitored by cloud
point and microcalorimetric methods with added DTAB. Thus we plot only
one of these curves for clarity in Figure 10.9. Both polymer solutions
exhibited an initial depression of the LCST with added DTAB to a minimum
at ca. 13 mm, followed by an increase to an elevated plateau value (ca. 34.5 °Q
before a second, continuous rise at ca. 400 mm. The free pyrene probe reports
only the former transition as through changes in 11/13. Thus the binding of
micelles (at a CAC) subsequent to salting out of PNIPAAM by surfactant
monomers was again shown to elevate the LCST [6]. We also determined the
CAC with the pyrene-tailed surfactant, (l-pyrenylundecyl)trimethyl-
ammonium iodide (30 uM) (C11PN+): the sudden increase in IM /IE at ca. 13 _
mm DTAB (Figure 10.9) is attributed to solubilization of C11PN+ in DTAB
micelles [29]. We di not examine higher concentrations due to insufficient
supply of C11PN+.
As spectra in Figure 10.10 show, addition of DTAB abruptly quenches the
polymer-pendant pyrene emission at 377 nm; this can be explained [29] as a
result of quenching by bromide counterions associated with the micelles.
Noncooperative quenching was observed in PNIPAAM (B) solutions with
added sodium bromide. However, an abrupt drop in intensity occurs right at
the aforementioned CAC [6] in DTAB solutions (Figure 10.9). Therefore, the
binding of micelles to PNIPAAM at a CAC has been shown by free, polymer-
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bound, and surfactant-bound pyrene. Interestingly, a higher concentration
transttion occurs near the second rise in the LCST (Figure 10.9). As previously
mentioned [6], alternative techniques would have to be applied to ascertain if
Uus results from a sphere-to-rod micellar transition. Nonetheless, that
polymer bound fluorophores can observe the second transition elucidates the
mportance of looking at the solution from diverse perspectives.
a.Zwittergenr®V17, This zwitterionic surfactant depresses the LCST of
PNIPAAM [6] without any abrupt transitions near the measured CAC. The
CAC and CMC coincide at 2.8 mm. This suggests that no binding occurs
between the two species: results in Figure 10.11 support this argument. No
transition in the emission intensity for polymer-bound pyrene 0377) was
observed (the error in measurements = ± ca. 3 units) near the abrupt change
in 11/13 of the free probe. Thus free pyrene is solubilized in the free micelles
being formed above the CMC and not in polymer-bound micelles. Thus the
polymer-bound pyrene makes it possible to distinguish a CAC from a CMC.
Again little difference was seen in the two polymer's LCSTs with added
surfactant. One can conclude there is no interaction between PNIPAAM and
this surfactant or that only minor effects from monomeric zwitterionic
surfactant binding occur; our methods can not distinguish between these
alternatives. The depression of the LCST we observed is thus possibly due to a
macroscopic change in solvent quality alone.
a. Triton® X-100. One of those possibilities discussed by Nagarajan [10]
for when the CMC = CAC is that no interactions exist between the polymer
and surfactant; this appears to be the case for solutions of PNIPAAM and
Zwittergent® 3-12. The PNIPAAM/Triton® X-100 system also has a CMC
measured equal to the CAC (0.15 mm) as determined using free pyrene [6].
The results of the experiments of pyTene-labelled PNIPAAM mixed with
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Triton® x-100 illustrated in Figure 10.12 suggest this is another case:
interactions appear to occur above the CMC [10]. Little change exists between
the LCSTs of the labelled polymer or homopolymer in the presence of this
nonionic surfactant; only the latter's cloud point data is plotted for clarity.
The free probe appears to be solubilized in free micelles forming near the
CAC (0.15 mm) since this was also the measured CMC as detected by the
abrupt drop in 11/13 in the absence of the polymer; that no change in the LCST
occurs at these concentrations suggests at most weak polymer-surfactant
interaction. However, the large increase in emission intensity of the
polymer-bound pyrene at 377 nm similar to those of Figure 10.6 and 10.8
suggests binding above the CMC. This is then the case of a CAC > CMC.
Indeed, the adaptation of the Nagarajan-Ruckenstein model we applied
earlier [6] predicts that in this system, the CAC (1.8 mm) will exceed the CMC
observed. That the change in emission intensity is very broad makes
assignment of an exact CAC difficult and suggests that the cooperativiry of the
aggregation process is low. Although free pyrene can not detect the true CAC
since it has already cooperatively partitioned into free Triton® X-100 micelles,
the polymer-bound pyrene can observe this change in surfactant association
that occurs adjacent to the polymer chain.
E. Conclusion
g
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We have successfully synthesized PNIPAAM-bound pyrene samples to
examine polymer-surfactant complexation. That no perturbation of
PNIPAAM solution behavior occurs is supported by coincidence of LCST
curves in each of the surfactant systems with and without the label present.
Therefore the two reference states are equivalent. After demonstrating the
agreement between free and bound pyrene probes for sodium n-alkyl sulfate
systems where the CAC was less than and well separated from the CMC, we
applied the methods to distinguish the nature of interactions where the
observed critical surfactant concentrations were equal. Free pyrene detected
"CACs" in the presence of 0.40 mg/ml PNIPAAM equal to the corresponding
CMCs for Zwittergent® 3-12 and Triton® X-100. Polymer-bound pyrene
exhibited no change in fluorescence intensity with the zwitterionic surfactant
and a broad transition with the nonionic species. Therefore, in the former
case only free micelles form above a CMC and in the latter, free micelles form
above the CMC and polymer-bound micelles at a CAC greater than the CMC.
Success was thus achieved in relating the various probing methods possible
to corresponding changes detected in the LCST of PNIPAAM for a wide
variety of surfactant systems.
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Figure 10.1 Structures of the PNIPAAM homopolymer (A)and pyrene-labelled copolymers (B &c C).
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Figure 10.4. Excitation (monitored @ 377 nm) spectra
and emission spectra (excited @ 344. 2 nm, vertical line) for
aqueous pyrene-labelled PNIPAAM (sample B, 0.40 mg/ml 24 5 °C)
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Figure 10.6. Fluorescence intensity of aqueous PNIPAAM polymers
(Table 10.1, 0.40 mg/ml, 24.5 °C) in the presence of SDS: (): sample A
11/13 value (multiplied by 7) for solubilized pyrene (1 uM); CAC: 0.79 mm.
(•): sample B emission intensity of bound pyrene at 377 nm; CAC= 0.83 mm.
(O): sample C emission intensity of bound pyrene at 377 nm; CAC= 0.71 mm.
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CHAPTER XI
OF NONRADIATIVE ENERGY TRANSFER
TO EXPLORE SOLUTION BEHAVIOR
OF POLY(N-ISOPROPYLACRYLAMIDE)
A. Absh^rf
N-isopropylacrylamide (NIPAAM) was copolymerized with
small quantities of a fluorene-based comonomer to yield labelled
poly(N-isopropylacrylamide) (PNIPAAM) for use in nonradiative energy
transfer (NRET) experiments with various pyrene derivatives in aqueous
solution. Microcalorimetry and cloud point measurements of the lower
critical solution temperatures (LCSTs) of these copolymers showed slight
depressions in the transition temperatures compared to that of the
homopolymer. NRET investigations showed no energy transfer from
fluorene-labelled PNIPAAM to free pyrene or PNIPAAM-bound pyrene in
mixed aqueous solutions at 24.5 *C NRET was observed with amphiphiles
with pyrene terminally bound to hydrocarbon tails, though NRET was much
stronger for the quaternary ammonium amphiphile than the zwitterionic
sulfobetaine-based one. Findings were related to previous investigations
using micropolarity-sensitive bound and free probes.
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B^Jntroduction
The use of nonradiative energy transfer (NRET) [1] to study synthetic
polymers has been recently reviewed by Morawetz [2]; even more recent
reports [3 - 8] of such applications are available. The method allows
estimation of distances within [4] or between polymers [5 - 6, 8 - 10], or
between a polymer and a cosolute [3, 7 - 8] through measuring energy transfer
between donors and acceptors respectively attached to the sites of interest. By
definition, the emission spectrum of a donor overlaps the absorption
spectrum of the corresponding acceptor. Hence excitation of the donor
fluorophore leads to an emission of fluorescence that excites the
corresponding acceptor if it is nearby. Theory [1 - 2] defines a characteristic
Forster distance (Ro) at which there is a 50 % probability for NRET versus
other routes for deactivation of the excited donor state.
Our studies have investigated the aqueous solution behavior of
nonionic poly(N-isopropylacrylamide) (PNIPAAM) in the presence of diverse
cosolutes [11 - 19]. Complexation of PNIPAAM with surfactants was shown
[13 - 19] to be very sensitive to the type of microheterogeneous organization,
the head group identity, and length of the hydrophobic tail. This was reflected
by changes in the lower critical solution temperature (LCST) of PNIPAAM
and in surfactant association. Fluorescence techniques monitored changes in
environmental micropolarity using free and covalently-bound probes. We
would like to extend such investigations to involve NRET. As a number of
our studies utilized covalently-bound pyrene derivatives, we chose fluorene
as the corresponding donor [8-9]. This acceptor-donor pair has an Ro of
37A [9].
We therefore synthesized and characterized PNIPAAM with pendant
fluorene moieties. The first NRET study we discuss involves this polymer
and pyrene (1 uM), a probe employed in many of our studies [13 - 16, 18]
Afterwards, NRET experiments between PNIPAAM chains separately labelled
with pyrene and with fluorene are presented. Such an examination of
intermolecular association will be contrasted with a similar investigation
using the same donor-acceptor pair for hydroxypropylcellulose (HPC) [8]
which also exhibits an LCST in aqueous solution. Finally, the interaction of
fluorene-labelled PNIPAAM with two pyrene-tailed amphiphiles will be
explored. These species are structural analogs of Zwittergent ® 3-12 and
dodecyltrimetylammonium bromide (DTAB), respectively, which we have
previously studied [16, 19]. We can then relate NRET experiments to our
conclusions [16, 19] that PNIPAAM binds only the latter surfactant.
C. Experimpntal
1. Materials
9-Fluorenemethanol (99 %), tetrahydrofuran (THF, HPLC Grade),
triethylamine (Gold Label), acryloyl chloride (98%), benzene (Spectrophoto-
metry Grade), pyrene, chloroform (HPLC Grade), hexane (HPLC Grade),
p-methoxyphenol and methanol (HPLC) were obtained from Aldrich
Chemical Company. Acetone, sodium carbonate, and hydrochloric acid (HC1)
were obtained from Fisher Chemical Company. Magnesium sulfate and ethyl
ether were obtained from Mallinkrodt. The sources and purifications of
N-isopropylacrylamide (NIPAAM) and AIBN were previously given [13].
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(1-PyrenylundecyDtrimethylammonium iodide (C11PN+) and the inner salt
3-(N,N-dimethyl(l-pyreneundecyl)ammonium)propanesulfonate (ZwPy)
were obtained from Molecular Probes, Inc.
2. Synthesis
a, 9-Fluorenemethylol acrylate Nitrogen was bubbled through a
solution of 9-fluorenemethanol (9.81 g, 50 mmol) in THF (350 ml) at 0 °C with
stirring. Triethylamine (9.8 ml, 70 mmol) was then added by syringe.
Afterwards, acryloyl chloride (6.0 ml, 74 mmol) in THF (35 ml) was added
dropwise over 10 min with magnetic stirring. Stirring followed for 31 hr
under nitrogen, allowing the system to gradually reach room temperature.
Triethylamine hydrochloride was filtered off and the solvent was removed
on the rotary evaporator and vacuum dried. The oil was dissolved in a
mixture of water (100 ml), ether (200 ml), and HC1 (ca. 2.4 N, 100 ml). The
organic layer was washed with 10 w/v % sodium carbonate solution (100 ml)
and then with water until the pH of the washings was neutral. The ether
layer was dried with magnesium sulfate, filtered, and the solvent removed
on the rotary evaporator to leave a crude solid. The product repeatedly
polymerized to insoluble particles upon attempting recrystallizations even in
the dark. Therefore, p-methoxyphenol (92 mg) was added as an inhibitor and
the remaining crystals were dissolved in methanol and filtered with no
polymerization occuring. The filtrate was ultimately vacuum-dried to yield
ca. 4 g (ca. 33% yield) of crytalline product. Anal. Calcd for Ci 7H1402 : C, 81.6 %;
H, 5.6 %. Found: C, 81.4%; H, 5.7 %. *H NMR (300 MHz, CDC13 ) 5 : 7.8 (2 H,
d), 7.6 (2 H, d), 7.4 (4 H, m), 6.5 (1 H, m), 6.3 (1 H, m), 5.9 (1 H, m), 4.5 (2 H,
d), 4.3 (1 H, t). Signals were also observed for p-methoxyphenol. IR (CHCI3
cast film) cm-1: 3430 (br), 3070, 3040, 2950, 2900, 1950, 1930, 1730, 1640 1620
1520, 1480, 1460, 1420, 1380, 1300, 1280, 1190, 1110, 1060, 990, 920, 820, 740.
b. Polymerization Nitrogen was bubbled for 15 min through a solution
of recrystallized NIPAAM (ca. 5 g) [13] , 9-fluorenemethylol acrylate
(monomer feeds of 10 and 105 mg, respectively 0.08 and 0.93 mol %),
recrystallized AIBN [13] ( ca. 90 mg, ca. 1.2 mol %) in benzene (100 ml). The
polymerization was then done under nitrogen while stirring the flask in an
oil bath at ca. 50 °C for 24 nr. The benzene was then removed on the rotary
evaporator and the resulting solid was dissolved in chloroform (100 ml).
Upon precipitation in hexane (ca. 1000 ml), the polymer was filtered and
vacuum dried (ca. 85 % yields). Copolymer compositions were determined by
UV spectroscopy using Beer's Law with solutions of the copolymers in
methanol. The extinction coefficient of 9-fluorenemethylol acrylaye was
assumed to be that of 9-fluorenemethanol (8300 = 6300) [8]. The copolymers
respectively contained 0.05 ± 0.01 and 0.42 ± 0.04 mol % of the fluorene-
labelled repeating unit. GPC (DMF): Mp = 580,000; molecular weight
distributions of the homopolymer and copolymers were indistinguishable.
3. Sample preparation
PNEPAAM was studied at a concentration of 0.40 mg/ml unless
indicated. Stock solutions of concentration 4.00 mg/ml were prepared
through dissolution in distilled water with 0.1 w/v % sodium azide for
several days. Refrigeration was required to obtain optically clear solutions of
the more highly labeled polymer. Aliquots (0.20 ml) of these polymer
solutions were diluted to 2.00 ml with distilled water. For solutions
involving pyrene, microliters of a millimolar solution in acetone were added
to sample vials with subsequent evaporation of the acetone prior to the
addition of the polymer solution. For solutions containing C11PN+ and
ZwPy, the same procedure was followed but substituting methanol for
acetone. For polymer-polymer mixtures, aqueous solutions of the polymers
were mixed. All samples were vortexed (GenieTM Fisher) prior tQ spectra]
measurements and measured until equilibrium values were obtained.
4. Measurement
Infrared spectra were obtained on films cast from chloroform on NaCl
plates with a Perkin-Elmer 1320 infrared spectrophotometer. NMR spectra
were obtained on a Varian XL-300 spectrometer. Gel permeation chroma-
tography was performed with a Waters M45 solvent pump coupled to a R410
differential refractometer, and a Hewlett-Packard 3380A recorder. DMF
(HPLC, Aldrich) was eluted at 1.0 ml/min through three Waters ubondagel
columns (E-1000, E-500, E-125). Polystyrene standards (Polysciences) were used
for calibration; molecular weights are thus estimated as those of polystyrenes
of equivalent elution volume. Copolymer composition (300 nm) and optical
density (OD) measurements (500 nm) were acquired on a Beckman DU-7
spectrophotometer with a water-jacketed cell holder coupled with a Lauda
RM-6 circulating bath, monitored by an Omega 450-ATH thermistor
thermometer.
A Perkin-Elmer MPF-66 fluorescence spectrophotometer was applied for
measuring NRET using the temperature control system above. Emission and
excitation spectra were obtained at 24.5 ± 0.1 °C using 5 nm slit widths unless
otherwise indicated. The respective wavelengths for excitation and for
monitoring emission are indicated in the text and captions.
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D. Results anH njscussinn
1. Synthesis and rharactenVafin™
a, Preparations, The fluorene comonomer was synthesized from the
reaction between 9-fluorenemethanol and acryloyl chloride in THF.
Elemental, infrared, and 1H NMR analyses were consistent with this
previously unreported structure shown incorporated into the polymers
illustrated in Figure 11.1. The purification of the fluorene-based monomer
was complicated by its apparent facile polymerization. We did not extensively
analyze our side product; however, its insolubility (in water and a wide range
of organic solvents), and the absence of vinyl protons in NMR of suspensions
(signals only at 5 < 3 ppm) suggest an undesired homopolymer-ization. We
were able to inhibit this reaction with added p-methoxyphenol and with the
stringent absence of light.
The polymerizations were done in benzene using AIBN as the initiator.
We adjusted the AIBN concentration such that the resulting copolymers
(Figure 11.1) still had similar molecular weights as previously obtained with
the homopolymer (A), and pyrene-labelled PNIPAAM (D, Mp = 580,000) [13,
19]. Table 11.1 summarizes their characterization: the two copolymers (B & C)
respectively have 1 fluorene unit every 2000 and 238 repeat units. Even the
extent of labelling of copolymer C yields an order of magnitude fewer
fluorenes per polymer chain than Winnik incorporates into HPC [8].
b. LCST transition. Figure 11.2 illustrates the microcalorimetric
endotherms for aqueous solutions of the three polymers. The transition
parameters are summarized in Table 11.1. As in the case of the
copolymerization of NIPAAM with small amounts of N-hexadecylacrylamide
and 1-pyrenemethylol acrylate, the introduction of less than 0.50 mol % of
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such a hydrophobic comonomer decreases the polymer's solubility [18 - 19]
Cloud point data is also tabulated, determined from the temperature at which
the optical density (Figure 11.3) of the solutions increases upon heating.
NRET experiments will assist our determination of just how much the
solution behavior has changed. However, all of the cosolutes used below
have very low solubility in the micromolar range, so we could not detect
changes in the LCST upon their addition at these levels, outside of
experimental error.
C Fluorescence Figure 11.4 displays the excitation and emission spectra
for sample C (0.40 mg/ml) in aqueous solution (spectra of sample B are
similar, but of lower intensity). Excitation was chosen at 269.2 nm (vertical
line) to maximize the emission intensity monitored at 305 nm. Only
monomer emission was observed: no red-shifted broad emission ascribed to
excimers as detected in fluorene-labelled HPC [8] was seen. This further
confirms that the level of labelling is low enough and does not seriously
perturb the LCST of PNIPAAM. Winnik has measured "double LCSTs" in
HPC samples that contained excimers [20]: two cloud points were observed
upon heating polymer solutions. These were taken to represent the two
transitions, the LCST of HPC and the dissociation of bound pyrene excimers.
Comparisons between the solution behavior of PNIPAAM and HPC based on
NRET alone must be done cautiously and most certainly supplemented with
additional data as a result of the different degree of substitution of fluorene.
Figure 11.5 illustrates the emission spectrum of PNIPAAM-C along with
the excitation spectrum of PNIPAAM-D, the pyrene-labelled polymer
previously analyzed [19]; excitation spectra of other pyrene derivatives
(pyrene, C11PN+, ZwPy) are qualitatively equivalent. Overlap between the
spectra suggests application in NRET [1 - 2, 8 - 9]; energy transfer from
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fluorene should excite emission from pyrene. The excitation wavelength
chosen for donor excitation optimally does not result in any direct excitation
of the acceptor; however, at even the best value for selectively exciting
fluorene (289.7 nm), pyrene is directly excited thus necessitating spectral
subtraction [8]. We will choose the more highly labelled sample (C) for
subsequent experiments to further insure preferential excitation of fluorene
as Winnik has done [8]. Nonetheless, we note from the LCST data that some
perturbation of solution behavior occurs with what would appear to be a very
low extent of modification.
2. Nonradiative energy transfer nf flnprene-l a tilled PNTPAAM
The experimental approach for determining NRET will entail
measuring spectra of three aqueous solutions: those of the fluorene labelled
polymer, the pyrene derivative, and a mixture of these two at the same
concentrations. For direct determination of NRET, each solution will be
excited at 289.7 nm. We will estimate the extent of NRET in terms of the ratio
dp/ IF) of the emission intensity of the pyrene at 377 nm to that of the
fluorene at 305 nm. Morawetz [2, 4-6, 10] bases his conclusions on changes in
this value using carbazole or naphthalene donors with anthracene acceptors;
Winnik finds this impossible to apply with the pyrene-fluorene pair [8] since
IF never was observed to decrease. No complications of this kind were
reported for this pair by Watanabe and Matsuda [9]. NRET will be estimated
through comparison of the individual solution spectra with that of the
mixture. This will allow estimation of the contribution of directly excited
species.
a. Pyrene. We have used pyrene (1 uM) as a probe in many of our studies
[13-14, 16, 18]. The micropolarity-sensitive 11/13 value (1.85 ± 0.05) in aqueous
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solution is independent of the presence of PNIPAAM (A, 0.40 mg/ml) and
pyrene has no effect on the LCST of PNIPAAM as monitored by cloud point
and microcalorimetric measurements. Thus interactions between these
solutes are weak or absent in aqueous solutions. Table 11.2 and Figure 11.6
support this conclusion: spectra of pyrene and PNIPAAM sample C are
simply additive. The emission intensity at 377 nm measured in the mixture
of the fluorene-labelled polymer and pyrene is the sum of the intensities
emitted by their separate, directly excited solutions. No decrease is observed
in the fluorene emission intensity. Furthermore, direct excitation (at 337 nm)
of pyrene alone in the mixture yields an 11/13 value (1.86 ± 0.03) equivalent to
that quoted above for pyrene in water or aqueous PNIPAAM (A). This
contrasts with reports from Winnik: aqueous solutions of fluorene-labelled
HPC were reported to have a value of 11/13 (1.75) lower than those of
unlabelled HPC (1.85); the value for 11/13 of pyrene in water alone is quoted as
1.80 [8]. However, this contradicts earlier reported values in which
significance was attached to an 11/13 value for unlabelled HPC (1.78) being
lower than the value for 11/13 (1.87) in water alone [21]. Errors were not given
for any of these values. In both situations, Winnik interprets that when 11/13
is lower than the value in water, pyrene is being bound to that polymer. From
the equality of 11/13 in aqueous solutions with and without PNIPAAM
polymers, we conclude that pyrene is not preferentially bound to the
PNIPAAM in any of our aqueous solutions at 24.5 °C; again, this is unlike the
studies of HPC by Winnik [8] who also observes some enhancement of the
pyrene intensity in the presence of labelled polymer.
Although we have demonstrated [18] that pyrene can serve as an LCST
indicator through its solubilization in the precipitated polymer phase, we did
not attempt to do NRET experiments at temperatures above the LCST as will
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be further discussed since the contribution from scattering from these turbid
solutions was overwhelming compared to the observed fluorescence.
h, Pvrene-labelled PNTPAAM Despite perturbations due to labelling
with fluorophores [20], Winnik [8] assembles strong evidence for the
intermolecular aggregation of HPC chains in aqueous solution below their
LCST via NRET in accord with earlier work [21]. Heskins and Gufflet
interpreted viscometric data for PNIPAAM [22] similarly. However, Pelton's
study [23] of PNIPAAM latexes is inconsistent with such evidence: particles
were only observed to shrink and not to flocculate below the LCST. Recent
studies of the coil-globule transition of PNIPAAM with light scattering [24-25]
also support only an intramolecular collapse prior to aggregation above the
LCST.
Our NRET experiment is summarized in Table 11.2 and illustrated with
in Figure 11.7. We employed a total concentration of 4.00 mg/ml of polymer
(3.60 mg/ml fluorene-labelled PNIPAAM-C and 0.40 mg/ml lightly pyrene-
labelled PNIPAAM-D, Figure 1). A stoichiometry of ca. 63 to 1 thus exists in
solution between fluorene and pyrene; sufficent donors are certainly
available. However, despite a decrease in the donor emission intensity, no
enhancement of pyrene intensity was observed. Even when energy transfer
occurred, Winnik [8] never observed any decrease in fluorene intensity. Our
pyrene intensities are less than additive suggesting "anti-NRET" ! We
interpret these results as simply indicating that pyrene and fluorene
independently compete for the energy put into the system; both of their
emission intensities decrease since some of the quanta were absorbed by the
other species. The application of a ratio (Ip/lF) has no meaning here [8].
Above the LCST (32.2 °C), we did see some indication of NRET. Such an
observation is trivial since scattering from these turbid solutions is high and
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we do not need to prove intermodular association when we can see it with
our own eyes. One does not look at the moon with a microscope.
Our results thus support the recent reports [23 - 25] that PNIPAAM does
not aggregate below its LCST in contrast to the behavior of HPC. We earlier
discussed [11] that the microcalorimetric LCST endotherms for the latter
polymer are much broader despite higher molecular weights; such a lower
cooperative could be rationalized as resulting from HPC already being
aggregated below its LCST.
Pyrene-labellPd cationic amrhiPhile Previous experiments using free
pyrene in solution measured a critical aggregate concentration (CAC, ca. 13
mm) for the formation of PNIPAAM-bound dodecyltrimethylammonium
bromide (DTAB) micelles; an elevation of the LCST of the PNIPAAM was
also observed to occur at this concentration [16]. We measured equivalent
CACs using fluorescent experiments employing pyrene substituted for the
methyl group of DTAB (in the form of C11PN+) [16] as well as pyrene
covalently bound to PNIPAAM [19]. The fluorescence spectrum of the pyrene
was perturbed in these systems due to its sensitivity to changes in the
micropolarity. We would like to directly observe the binding through NRET
between PNIPAAM-C and C11PN+.
However, the solubility of C11PN+ is far below that of DTAB; moreover,
it is apparently below its Krafft point [26] and thus can not form micelles in
free solution. Therefore severe perturbation of DTAB results from
substituting this hydrophobic pyrene for a methyl group at the end of its tail.
We tried solubilizing a small amount of C11PN+ in DTAB micelles;
however, no differences were detected in NRET experiments between the
control and mixture, clearly as a result of negligible chances of the "right"
surfactants contacting the labelled position on the polymer. Consequently, we
rehed upon relative measurements of its properties at a fixed concentrat.cn of
14m as Figure 11.8 (with inset) and Table 11.3 summarize. Under these
conditions, the presence of PNIPAAM-C not only increases the pyrene
(C11PN+) intensity (377 nm) almost an order of magnitude but also exhibits
an expected [2] decrease in its donor-fluorene intensity. Classical NRET thus
occurs between these two species in aqueous solution.
Moreover, pyrene excimers (showing the characteristic red-shifted
emission maximum [20 - 21] at ca. 485 nm) are observed in the mixture of
PNIPAAM-C and C11PN+ (Figure 11.8). No such emission is detected in the
spectrum of control C11PN+ solution, also shown in Figure 11.8. Excitation
spectra (Figure 11.9) show that the spectrum associated with these ground-
state dimers (485 nm) is red shifted relative to that of the isolated pyrene (377
nm). This is evidence is indicative of two distinct absorbing species [8].
Further support can be obtained from directly exciting the C11PN+ at 340 nm.
Figure 11.10 clearly indicates that excimers are only induced by the presence of
PNIPAAM-C. We thus conclude that the enhanced emission intensity (377
nm) and observation of excimers is indicative of the formation of C11PN+
aggregates (at least dimers) attached to the PNIPAAM chain. Such proximity
would then allow NRET to occur and increase the probability of C11PN+
contact to form ground and excited-state dimers.
d. Pyrene-labelled zwitterionic amphiphilp We attempted to carry out
similar experiments for ZwPy as an analog for Zwittergent® 3-12 [16, 19].
Previous experiments [16, 19] lead us to believe that detergents of this kind do
not bind to PNIPAAM; hence, we would expect to see no NRET. Figure 11.11
and Table 11.3 indicate that NRET is weak if it occurs at all. ZwPy at 14 uM
does form excimers, but these are not really perturbed by PNIPAAM-C. The
fluorene intensity appears unchanged within experimental error, although
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the pyrene intensity does rise. However, this is much less than with C11PN+.
This appears to allow us to draw the comparison: just as C11PN+ binds more
strongly to PNIPAAM-C than ZwPy as indicated by increased NRET, more
DTAB binds to PNIPAAM than Zwittergent® 3-12.
Why is any NRET seen with ZwPy, since we [19] concluded Zwittergent®
3-12 did not interact with PNIPAAM at all? Part of the explanation comes
from the simple fact that these are two different molecules. The greater
hydrophobic^ from the substitution of pyrene for a methyl group might
promote interactions between PNIPAAM and zwitterionic surfactants. We
have seen interactions between PNIPAAM and other surfactants increase as
the hydrocarbon tails of the latter species are increased [13 - 14, 16].
Moreover, Morawetz [6] has reexamined some of his and other's
solution NRET work and concluded that much of the energy transfer
attributed to this nonradiative process was actually due to radiative energy
transfer, a trivial reabsortion [1] of emitted light independent of distance. This
process does not yield decreased donor lifetimes. It is also characterized by
identical energy transfer whether the fluorophores are monomeric or
polymeric. Although we have not checked our system with lifetime
measurements [1, 6]; we meet the second condition: energy transfer does not
exist between polymers, between polymer and small molecule pyrene, and
between small molecules, the last being reported by Winnik [8]. However, we
do see energy transfer between pyrene-derivatized surfactants and fluorene-
labelled PNIPAAM. Thus it does matter what form the fluorophores are in
for our system. This indicates that NRET is probably dominant in our
PNIPAAM/CI1PN+ system over the contribution to energy transfer from
radiative mechanisms. Perhaps with a smaller enhancement from NRET in
the ZwPy system, what we are then measuring is only the contribution from
269
radiative mechanisms. Nonetheless, we have not done extensive enough
static and dynamic fluorescence experiments to distinguish the roles of the
two mechanisms in our systems.
E. Concltifiinnc
We applied a fluorene-labelled PNIPAAM to study polymer solution
behavior through NRET with pyrene derivatives. No energy transfer was
observed with free pyrene or PNIPAAM-bound pyrene. Both these findings
contrast with identical experiments reported for HPC [8]; the solution
behavior of the latter appears to involve a greater tendency for hydrophobic
interactions. How much of this can be attributed to intrinsic properties of the
two polymers versus the higher degree of labelling used for HPC is unclear.
However, the former finding gives us additional verification for the valid
application of pyrene as a nonperturbing probe in PNIPAAM solutions [13 -
14, 16, 18].
Greater NRET is seen between a cationic pyrene-tailed amphiphile and
PNIPAAM labelled with fluorene than with a zwitterionic species. Although
the analogy is not perfect, we believe this to support earlier results [16, 19] that
concluded that the binding potential of the cationic DTAB to PNIPAAM is far
higher than that of the Zwittergent® 3-12. The application of NRET thus
complements our solution studies of PNIPAAM and the effects of cosolutes
on its LCST transition.
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Table 11.2. NRET systems.
Sample jp (305 run) Ip(377 nm)
Pvrene (1 uA/fla
PNIPAAM-C (0.40 mg/ml)a
0.00
9.63
0.03
0.13
Mixture0 9.63 0.16
PNIPAAM-D (0.40 mg/ml)a
PNIPAAM-C (3.60 mg/ml)a
0.01
16.87
0.77
032
Mixture0 13.62 0.67
a Intensities Ip and Ip are those observed upon
excitation of donor or acceptor species separately.
b Intensities observed upon excitation of donor-acceptor
mixture.
Table 11.3. NRET systems with excimers.
Sample IF (305 nm) Ip(377 nm) Iexcimer
C11PN+ (14uM)a
PNIPAAM-C (0.40 mg/ml)a
Mixture^
0.00
9.77
6.39
0.26
0.10
2.07
0.01
0.01
0.32C
ZwPy (14 uM)a
PNIPAAM-C (0.40 mg/ml)a
Mixture^
Error
0.0
9.4
——
9.9
0.6
0.04
0.10
0.27
0.03
0.06
0.01
0.07^
0.03
a Intensities If and Ip are those observed upon excitation of
donor or acceptor species separately.
b Intensities observed upon excitation of donor-acceptor
mixture.
c Xmax for excimers = 485 nm
d Xmax for excimers = 468 nm
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Figure 11.3. Optical density of aqueous PNIPAAM
(Table 11.1, 0.40 mg/ml) samples upon heating: () A; (O) B; (•) C.
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Figure 11.4. Emission and excitation spectra for aqueous
PNIPAAM-C (0.40 mg/ml, 24.5 °C). Excitation was done
at 269.2 nm (vertical line) and emission was monitored at 377 nm.
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Figure 11.5. Overlap between the emission spectrum of
aqueous PNIPAAM-C (3.6 mg/ml) and the excitation spectrum
of aqueous PNIPAAM-D (0.40 mg/ml) at 24.5 °C
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pmtp! 1w "J
E™issi0n sPectra for aqueous solutions ofPNIPAAM-C (1, 3.60 mg/ml), PNIPAAM-D (2, 0.40 me/ml)
and their mixture (3) at 24.5 °C. Excitation at 289 7 nm
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Figure 11.8. Emission spectra for aqueous solutions of
C11PN+ (1, 14 uM), PNIPAAM-C (2, 0.40 mg/ml), and
their mixture (3) at 24.5 °C. Excitation at 289.7 nm.
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CHAPTER XII
CONCLUSIONS
The individual chapters of this thesis contain conclusions regarding the
investigations proposed in the corresponding introductions. This main
conclusion section serves as an overview of the work as a whole, and
compares the solution behavior of PNIPAAM to that of other polymers.
Future experiments are proposed throughout as well as in a separate final
section. These are aimed at further elucidating phenomenon to create a
framework of structure-property relationships. This will improve both
theoretical and practical aspects of research relating to the LCST of PNIPAAM
and other synthetic polymers in aqueous solution.
A. Summary
This thesis commenced with a development of the techniques necessary
to explore the LCST of PNIPAAM. Microcalorimetry was extended from the
preliminary report of Heskins and Guillet [1] by establishing the
thermodynamic nature and reproducibility of the endotherm through
defining where results were independent of heating rate and concentration.
The transition enthalpy was observed to be of the order expected for hydrogen
bonding, in accord with explanations for the existence of the LCST.
Throughout the thesis, microcalorimetric data were compared with classical
cloud point measurements and fluorescent probes of the LCST to provide
diverse perspectives of the solution behavior of PNIPAAM. PNIPAAM
samples of various molecular weight distributions and other polymers
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possessing LCSTs were examined to provide the basis for understanding
copolymers containing small amounts of hydrophobic comonomers.
Our main thrust was to explore ternary aqueous solutions of PNIPAAM;
we ultimately aim to optimize current practical applications and assess
relevant solution theories. Maintaining constant polymer concentration (0.40
mg/ml) throughout almost all the studies added some experimental control.
Phase diagrams were first assembled with added polar organic solvents.
Cononsolvency was observed and related to analogous critical reentrant
transitions detected in crosslinked gels of PNIPAAM. Observations of similar
phase diagrams with added perfluorinated carboxylic acids as cosolutes
suggest some generality of polymeric response in solution.
The cursory experiments with added inorganic salts exploring the
Hofmeister effect set the foundation for understanding seemingly more
complex systems. In particular, amphiphilic species with hydrocarbon tails
too short to form micelles and surfactants below their CMC both depressed
the LCST in a similar manner as inorganic salts. The inability to superimpose
the LCST curves after accounting for ionic strength differences in the sulfate
system was certainly not unexpected in view of the different effects of organic
and ionic species on the structure of water [2], thus accentuating the
hydrophobic effect. Moreover, even the anions themselves had unique effects
not only on the LCST but also on endothermic shapes. However, the
observation of similar endotherm broadening of the LCST of PNIPAAM with
common anions such as with sodium thiocyanate and the surfactant DTSCN
and also with the pair, sodium bromide and the surfactant DTAB, again
permits increased understanding of the nature of interactions between
cosolutes.
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The specific effects of salts themselves are still unclear in terms of
whether binding or solvent perturbation or a combination of these two
processes influences polymer solubility [3] whereas in the case of added
surfactants, perturbations of their association into micelles certainly enhances
understanding of interactions with PNIPAAM. A wide range of head group,
and tail structures were thus employed to probe the driving force of polymer-
surfactant complexation. Observations were related to the best theories of
such phenomena available [4-5]. Theoretical predictions concurred with
experimental data for the series of the anionic sodium n-alkyl sulfates and for
the cationic alkyltrimethylammonium salts investigated. For nonionic
Triton® X-100, theoretical predictions were observed to be reasonable once
polymer-bound fluorophores were employed to eliminate ambiguities in this
system due to apparent equivalence of the CMC and CAC. The CAC was
concluded to be greater than the CMC, and overshadowed by the latter
transition when probing with free pyrene. In the case of Zwittergent® 3-12,
such improved experimental techniques concluded that no interactions
existed with PNIPAAM in discord with the model. However, Nagarajan [5]
has attributed this incongruency to theoretical deficiencies.
The validity and meaning of fluorescent methods were certainly
elucidated while examining the solution behavior of PNIPAAM. Their major
application was in determining critical surfactant concentrations
(CACs/CMCs). Various free probes were employed with the SDS/PNIPAAM
system to establish the value of the free pyrene technique. One of these probes
(C12NS) was amphiphilic and higher concentrations of it were directly
interacted with PNIPAAM. Its intrinsic fluorophore thus permitted a
measurement of interactions with PNIPAAM without exogenous probes,
thus giving an additional check of our methods. Pyrene covalently bound to
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PNIPAAM and to amphiphile's tails provided two other perspectives we
required to attain a greater comprehension of this solution behavior.
The LCST itself was also determined through the observation of abrupt
transitions in solubilized fluorescent probes. These were incorporated not
only into PNIPAAM homopolymer solutions but also into those with
copolymers containing a small amount of N-hexadecylacrylamide. The
copolymers were concluded to be organized into micellar states, and the sites
of the probes were established by their ability to "see" the LCST. By
comparison with microcalorimetric and cloud point measurements, we were
able to select the best probes, that is those that do not perturb the LCST of
PNIPAAM by themselves at the concentrations involved. Such a test is also
necessary and was performed for the probes used to explore polymer-
surfactant complexation described above. This also aided in defining the
optimum species to use when studying the interaction of the
NIPAAM/HDAM copolymers with SDS.
A final application of fluorescent molecules was in nonradiative energy
transfer (NRET) experiments. We synthesized and characterized PNIPAAM
derivatized with fluorene. This is the corresponding donor to various pyrene
acceptors since its emission spectrum overlaps the pyrene excitation spectra.
We were able to obtain additional validatation of the use of pyrene as a free
probe as well as provide additional evidence for hierarchy of surfactant
interactions with PNIPAAM.
B. Comparisons with other polymers
A number of other synthetic polymers have been reported to possess
aqueous LCSTs; tailoring structure to create even more systems has been
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discussed [6]. This section reviews some findings, comparing polymer
solution behavior with added cosolutes to that of PNIPAAM. Universality or
the lack thereof will be the overiding issue we will assess.
Salt effects on the LCST of polyethylene oxide) (PEO) have been well
established in terms of the Hofmeister series [7]. The ranking of sulfate over
bromide in terms of salting-out ability and the weaker depression of the LCST
by thiocyanate we observed with PNIPAAM were also qualitatively observed
with aqueous PEO solutions. PEO has probably been the most extensively
studied nonionic polymer for interactions with surfactants; the neutron
scattering investigations of Cabane in which each part of the system was
selectively deuterated [8] form the basis of the pictorial presented in this
thesis; however, one can not measure increased polymer solubility through
increases in the LCST of PEO, since it is already very close to the boiling point
of water. This high solubility of PEO relative to related structures such as
PVME and polypropylene glycol) (PPG) has been explained as a result of
geometric conditions [9] allowing polymer chains to have an unstrained
coupling to the surrounding continuous network of water.
Better comparison with PNIPAAM is possible when the PEO exists as
oligomeric comb-like side chains of polymethacrylate backbones [10]. Cloud
points of these less soluble polymethacrylates are in accord with the trends
observed for PNIPAAM solutions for salt effects and the elevation of the
LCST in the presence of SDS. Thus although PEO is more soluble than
PNIPAAM and therefore has a higher LCST and a higher CAC for added SDS
[4], qualitatively, both appear to be affected by cosolutes through analogous
phenomena for the experiments mentioned.
The introduction of a methyl group to PEO can be viewed as the route to
creating PPG; the increased steric hindrance for fitting the polymer into the
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structure of water [11] depresses the LCST so much that only oligomers are
soluble. Such higher hydrophobicity has lead to the observation of PPG being
cited as one of the few polymers that interacts with nonionic surfactants [11].
Although we have concluded that PNIPAAM can weakly interact with
Triton® X-100, comparisons can not be direct since it is a different nonionic
species than the n-octyl thioglucoside Engberts and coworkers [11] employed.
This study [11] also stressed the importance of our conclusions concerning the
ambiguities of when the CAC equals the CMC.
Very few reports of the aqueous solution behavior of polyvinyl methyl
ether) (PVME) exist; this polymer has been mostly applied in blends with
polystyrene. Home [12] has reported the effects of various cosolutes on its
LCST in water whose existence we confirmed in our studies. The ordering of
the effects of inorganic salts on the LCST (Hofmeister effect) was qualitatively
similar to PNIPAAM including an increased LCST for thiocyanate. However,
they report an elevation of the LCST of PVME by added methanol; we
confirmed this behavior and showed it was contrary to the cononsolvent
effect seen with PNIPAAM. Thus chemical structural differences in this case
do lead to an entirely different solubility response upon addition of the same
cosolute.
The Winnik research group [13 - 16] has published a number of studies
using hydroxypropylcellulose (HPC) that motivated those we performed with
PNIPAAM. Polymer-surfactant complexation with SDS and CTAB was
similarly probed by free and polymer-bound pyrene [13]; however, enough
pyrene existed to create excimers. Their subsequent studies [14-15] detected
"double LCST" transitions with such highly labelled polymers. The second
transition resulted from the thermal dissociation of the excimers; therefore,
solution behavior of labelled HPC is clearly perturbed much more than with
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our labelled PNIPAAM. Nonetheless, comparable surfactant binding existed.
Nonradiative energy transfer (NRET) [16] was concluded to occur between
HPC chains unlike our finding for PNIPAAM. The high degree of labelling
again in this work by Winnik compared to our analogous experiments with
PNIPAAM was concluded not to create the NRET. Use of different degrees of
substitution hinders conclusions, but that the solution behavior of
PNIPAAM and HPC are different is further supported by the effect of
substituting D20 for H20. Whereas, the LCST of HPC [15] is slightly depressed
by D20, we clearly saw an elevation of 1.0 ± 0.1 °C for the LCST of aqueous
PNIPAAM in 90% D20. Further contrast with PNIPAAM is evident by the
lack of observation of cononsolvency with added methanol for aqueous HPC
solutions [14].
Studies with the related polymer, ethyl(hydroxyethyl)cellulose (EHEC),
also suggest elevation of the LCST by added SDS together with a promotion of
surfactant micellization [17]. Phase diagrams with added CTAB exhibited the
same abrupt increase in the LCST [18] as we measured with the PNIPAAM
system. However, once again, comparisons can only be suggested since
different apparatus and criteria were employed; studies [18] with added
alcohols were also "deficient" as they covered a much narrower range of
concentration than did our work. We have done some preliminary
unreported experiments applying the same methods and criteria to some of
these polymers above to determine the effects of cosolutes; more extensive
studies are surely warranted if any universal aqueous polymer solution
theory is to be attained.
Other polyacrylamides are obviously the closest relatives of PNIPAAM.
Polyacrylamide itself lacks an LCST; this itself shows the importance of the
hydrophobic group. Viscometric studies have indeed led to the conclusion of
293
no interactions with SDS [19]. Substitution of 3 mole percent of a positively or
negavtively charged comonomer was surmised to create interactions with the
oppositely charged surfactant [20]. This work thus initiates an attempt in
defining the role of electrostatic interactions in the polymer which is
complementary to our study of the modulation of surfactant structure.
However, only one sample of each polymer was synthesized. More indepth
investigations of the role of such charged comonomers with PNIPAAM
would be fruitful if one followed our systematic study of both the polymer
LCST and surfactant CAC as a function of charge. Recent findings [21]
implying that the interactions between like-charged polymers and surfactants
are not nonexistent as previous reviews have commented [22] and the paucity
of studies of interactions between amphoteric polymers and surfactants [23]
further motivate such a research program.
Poly(vinyl alcohol/acetate) copolymers [2] with LCSTs have also
exhibited similar cosolute effects as does PNIPAAM. The existence of an LCST
is not mandatory for comparisons. An early study [24] that reported
viscometric transitions in poly(methacrylic acid) (PMAA) with added
perfluorooctanoic acid and alcohols partly inspired our use of these species;
coincidentally, similar effects were observed if one realizes that increased
viscosity sometimes can mean increased polymer solubility.
All the polymers mentioned above are synthetic; these can be considered
as simplistic models for complexation of surfactants with biomacromolecules
such polypeptides [25 - 26]. A recent paper attemps to relate the effect of added
alcohols upon such different systems as the aqueous solution melting
temperature of transfer RNA and the CMC of a surfactant directly to the same
structural changes in the water. This sets the tone for the ultimate goal: the
universal theory of aqueous solutions that support life on Earth. However as
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the summary here makes clear, interactions between cosolutes in aqueous
solution depends on their specific microstructure and are not always
dominated by the mediating water's hydrogen bonding.
C. Future Work
Although we draw a number of comparisons to relevant literature
throughout the thesis, we have not reached a quantitative level of
comprehension of the trends we observed in the shapes of microcalorimetric
endotherms as a function of polymer structure and cosolute identity and
concentration. The combination of analytical theories and computer
simulations is certainly worthwhile considering the amount of experimental
data available for testing. Indeed, theoretical prediction of even simple
microheterogeneous systems [28] is far from perfection.
Coil-globule transitions [29 - 30] have been theoretically treated, although
the order of the transition is still debated. The presence of random scatterers
in solution has been derived to result in a change in polymer dimensions [31].
Experimentally, our systems probably vary from such an organization for salts
to more ordered systems for the surfactants. A recent report [32] discusses the
rounding of first order transitions with quenched disorder. It is unclear
whether our aqueous solutions of PNIPAAM qualify, but we certainly see
such transition broadening with a large number of cosolutes, which may be
viewed as creating such a system.
From an experimental perspective, greater understanding of the effects
of salts, and amphiphiles upon PNIPAAM can be achieved by obtaining
entire phase diagrams as was done with added cononsolvents. At the opposite
corner of the phase diagram triangle we have been investigating, the
existence of solid-solid transitions and perturbations of the glass transition
temperature of PNIPAAM would be probed in addition to the type of ordered
structures that can be expected with added surfactants. In semi-dilute and
concentrated systems, rheological data can be obtained to probe whether
liquid crystalline solutions predominate. Such studies have been done with
PEO[33]andHPC[34j.
Finally, now that we have systematically expanded knowledge of the
solution behavior of single chains of PNIPAAM, drawing of further parallels
with the behavior of other macrostructures of PNIPAAM would clearly lead
to both practical and theoretical benefits. We know that similar transitions
exist in single chains and gels with added methanol or polyacrylamide. Do
gels, films, latexes, and grafts of PNIPAAM respond to added surfactants, salts,
and other cosolutes in the same general manner as single chains in aqueous
solution? Is there "nothing new under the sun" [35] ?
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